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ABSTRACT 

The role of noradrenaline as a neurotransmitter in the 
sympathetic nervous system has been well documented. In the peripheral 
vascular bed noradrenaline released by stimulation of sympathetic 
nerves causes vasoconstriction and this response is mediated through 
alpha adrenergic receptors. Stimulation of beta adrenergic receptors 
produces vasodilatation. It has been suggested that neurotransmittors 
released from sympathetic nerve terminals did not act on vascular 
beta adrenergic receptors, although these receptor sites were 
accessible to blood borne noradrenaline. 

The investigations described herein were designed to 
study the effects of neuronaily released noradrenaline on peripheral 
vascular beta adrenergic receptors. Using the whole hind limb 
vascular bed of dogs, noradrenaline and tyramine were infused 
intra-arterially during alpha receptor bicckade with phentolamine. 
Phentolamine reduced the vasoconstrictor response to tyramine, 
which causes the release of noradrenaline from sympathetic nerve 
terminals, but the response was not converted to a vasodilalation as 
was the case with noradrenaline during alpha receptor blockade. 

These experiments were repeated with skin and paw flow 
occluded. It was found that prolonged (15 minute) infusions of tyramine 
produced a significant vasodilatation in the isolated muscle vascular 
bed of the dog hind limb. Further experiments were conducted to 
investigate the response to prolonged (15 minutes) reflex stimulation 


of the sympathetic nerves by occluding the carotid arteries bilaterally. 
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Evidence was obtained that endogenous cr neuronally released noradrenaline 
did exert a significant action on peripheral vascular beta receptors and 
that these receptors are innervated by the sympathetic nervous system. 
Furthermore, the results suggest that neuronally released and blood 

borne noradrenaline are acting on similar receptor populations. 

The magnitude of the beta receptor mediated response depends on the 

amount of transmitter accumulating at the receptor sites, and this 


is dependent on the period of stimulation. 
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One of the pioneers of the hypothesis of chemical trans- 
mission in the sympathetic nervous system, T.R. Elliot (1905)! 
compared the effects of adrenaline on a number of organs in a number 
of species and noted adrenaline had similar effects to sympathetic 
nerve stimulation. Others, such as Barger and Dale (1910)2 observed 
that the action of noradrenaline mimicked stimulation of sympathetic 
nerves more closely than did the action of adrenaline. 

Cannon and Rosenbluth (1933)? noting differences in the 
response of adrenaline and that substance released on stimulation 
of sympathetic nerves, suggested the chemical should be called sympathin 
to distinguish it from adrenaline. However, believing the transmittor 
to be adrenaline, they postulated that adrenaline produced excititory 
effects by combining with another substance from the organ being 
stimulated to form sympathin E. Inhibitory effects were caused by 
Sympathin I formed from adrenaline and another substance from the 
organ being inhibited by sympathetic nerve stimulation. Bacq (1934)* 
suggested that "sympathin E" was noradrenaline. 

In 1946, the work of Von Euler® showed the presence of a 
substance in extracts of heart, spleen and sympathetic nerves which 
had chemical and biochemical properties which resembled noradrenaline 


but were distinct from those of adrenaline. Since this work of Yon 


Euler, noradrenaline has been widely accepted asthe adrenergic 


chemical transmitter in the sympathetic nervous system. 


In 1948, Ahlquist® proposed the concept of alpha and beta 
adrenergic receptors to explain the mediation of excitation and 
inhibition of various effector cells as determined by their response 


to a series of sympathomimetic amines. The alpha receptor is associated 
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with most excitatory functions: vasoconstriction, contraction of the 
uterus, nicitating membrane, ureter; and dilatation of the pupil 

and one inhibitory function--intestinal relaxation. Vasodilation, 
inhibition of bronchial and uterine musculature; and one excititory 
function (myocardial stimulation) are functions associated with the 
beta adrenergic receptor. Beta adrenergic receptors have been further 
classified as beta-1 receptors and beta-2 receptors as a result of 
observations which suggest significant difference between myocardial 
beta adrenergic receptors and vascular beta adrenergic receptors. 
Beta receptors in the myocardium have been classified as beta-] 
receptors whereas those in the vascular smooth muscle have been 
classified as beta-2 receptors (7), (8), (9), (10). 

This thesis deals with the question can sympathetic nerve 
endings produce stimulation of vascular beta adrenergic receptors and 
if so,what physiological role does this play in producing active vaso- 
dilatation in the peripheral circulation ? 

It has been demonstrated in the human forearm!! and in the 
perfused hind skeletal vascular bed of the dog leg!* that the 
constrictor effect of adrenaline can be reduced or abolished by 
blockade of alpha adrenergic receptors with phentolamine. As well, 
after alpha blockade with phentolamine, an intra-arterial dose of 
noradrenaline produces vasodilatation, which is due to stimulation 
of beta-adrenergic receptors since the response is abolished by 
beta blockade with propranolol. Glover and Hutchison!? (1965) 
showed that the vasoconstrictor response to circulating noradrenaline 
was potentiated in the forearm by the pharmacological blockade of 
beta receptors. Brick, Hutchison and Roddie!* (1966) demonstrated 


that after blockade of alpha receptors with phentolamine, infusions 
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of noradrenaline produced vasodilatation. The vasodilatation 
response was abolished after the infusion of propranolol. These 
experiments and others (Brick et al, 1967) indicated that the 
action of noradrenaline on the forearm vessels is normally a sum- 
mation of a predominant vasoconstrictor or alpha receptor action 
and a weaker dilator or beta receptor action. 

A method of reflexly stimulating sympathetic nerves 
in humans was described by Greenfield!> et al (1963). The method 
involved exposing the lower half of the body to subatmospheric 
pressure. This caused an adrenergically mediated vasoconstriction 
in the forearm since it was abolished by intra-arterial bretylium 
tosylate (an adrenergic neurone blocking agent) but not by intra- 
arterial atropine!®, Using such a stimulus, Brick, Hutchison and 
Roddie!1 (1967) were unable to demonstrate a vasodilator response 
after alpha adrenergic blockade or a potentiation of the vaso- 
constrictor response by beta adrenergic blockade. It was sugyested 
therefore, that reflex activity of the sympathetic nerves to forearm 
vessels does not result in stimulation of beta adrenergic receptors 
(Brick, Hutchison and Roddie; 1967, 1968)11, ?%. 

A study by Glick, Epstein, Wechsler and Braunwald (1967) 12 
investigated the physiological differences between the effects of 
neuronally released and blood borne noradrenaline on beta adrenergic 
receptors in the arterial bed of the dog. The responses of control 
dogs to carotid sinus hypotension and intra-arterial ly administered 
noradrenaline was compared to animals subjected to alpha receptor 
blockade. In the control dogs, carotid occlusion and intra-arterial 


noradrenaline caused an increase in hind limb perfusion pressure, 
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whereas in dogs previously treated with phenoxybenzamine, carotid 
sinus hypotension still produced reflex vasoconstriction, whereas intra- 
arterially injected noradrenaline produced vasodilation. 

The results of this study are in agreement with Brick et al 
(1967, 1968)11214 since no potentiation of the reflex constrictor 
response was observed after beta receptor blockade. Thus this suggested 
that while intra-arterial noradrenaiine stimulates both alpha and beta 
adrenergic receptors, neuronally released noradrenaline coes not exert 


1 bed. 


a significant effect on beta adrenergic receptors in the arteri 


my 


Use of drugs which cause the release of endogenous 
transmitter from nerve terminais is another way of investigating the 
response to nerve stimulation. Much of the knowledge of the effect 
of endogenous noradrenaline released from sympathetic nerve terminalis 
comes from the experimental work with a drug called tyramine. 
Intravenous infusion of tyramine increases the amount of noradrenaline 
in the venous outflow of several organs "in vivo" and in the effluent 
of isolated perfused organs!”. It has been suggested?® that tyramine 
causesthe displacement of noradrenaline from sympathetic nerve endings. 
Thus tyramine was said to exert only an indirect action, and the 
hemodynamic effects of tyramine were attributed to the release of 
Stored noradrenaline. 

There is some disagreement with the hypothesis. Ina 
study by J.N. Cohn (1964)!° the cardiovascular effects of tyramine, 
ephedrine and noradrenaline were compared in man. He observed that 
tyramine had weak vasoconstrictor activity as did ephedrine. The 
pressure effects of these drugs was largely due to their ability to 
increase the rate and strenath of myocardia! contraction. 


Cohn, in suggesting tyramine and ephedrine have locai 
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vasoconstrictor actions, similar to noradrenaline, pointed out tnat 
larger doses of tyramine did not produce the dose dependent vasocon- 
striction noted with noradrenaline, but instead produced vasodilatation. 
He suggested this was a direct response to tyramine after depletion of 
noradrenaline stores in the nerve endings despite replenishing nor- 
adrenaline infusions. 

Cohn suggests several possibilities to explain the action of 

tyramine. 

(1) that tyramine caused the release of adrenaline and dopamine 
as well as noradrenaline from sympathetic neurons which 
could cause forearm vasodilatation. 

(2) that tyramine might exert a direct action on sympathetic 
nerves. 

(3) that tyramine could have both direct and indirect actions. 

Frewin and Whelan (1967)2° studied intra-arterial PURGE, 

of noradrenaline and tyramine before and alfter alpha and beta 
adrenergic blockade in an attempt to establish the mechanism of action © 
of tyramine on the peripheral blood vessels in man. They found that 
tyramine was without effect on a sympathetically denervated forearm in 
the doses used, implying its effect was mediated solely by the release 
of transmitter from nerve endings. . Furthermore in a normal forearm, 

a dose dependent fall in peripheral resistance was observed to 
increasing intra-arterial doses of tyramine. After alpha receptor 
blockade, noradrenaline caused vasodijiatation whereas tyramine was 
without effect. These infusions were of ten minutes duration. 

More prolonged tyramine infusions (15 minutes duration) 


were carried out during phentolamine infusions. In these experiments 
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a vasodilatation response was observed eight minutes (an average) 
after the tyramine infusion was begun. If a beta receptor blocking 
agent (propranolol) was infused after a vasodilatation response had 
been recorded, tyramine then caused a fall in flow. Propranolol 
caused no potentiation of the constrictor action of tyramine on 
forearm vessels during five minute infusions, but when the infusions 
were continued for 15 minutes potentiation of the constrictor 
response was observed in four out of six experiments. In analysis 
of their data, Frewin and Whelan concluded that tyramine produced 
vasoconstrictor and vasodilator responses which were delayed in 
onset compared to noradrenaline since tyramine must act by 
releasing noradrenaline from nerve endings. 

It was felt worthwhile to investigate further the response 
of the peripheral vascular bed to intra-arterial infusions of tyramine. 
Brick et al (1967)11 and Glick et al (1967)12 had failed to demonstrate 
a vasodilator response to reflex sympathetic nerve stimulation, after 
alpha receptor blockade, or any augumentation of the reflex constrictor 
response by propranolol. The work of Frewin et al2° indicates that 
the time course of stimulation may be a determining factor, and if the 
stimulation period was too short no vasodilatation response would be 
observed. Glick et al (1967)!2 reflexely stimulated sympathetic 
nerves for only 60 seconds; no reversal of the effect of noradrenaline 
released from nerve stores was observed (noradrenaline still caused 
vasoconstriction after alpha adrenergic receptor blockade). Brick et al 
(1967) reflexely stimulated sympathetic nerves for up to 10 minutes, 
however, because general body vasodilatation caused by spillover of 
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the large doses of phentolamine (1600ug/Kg/minute I.A) they were unable 
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to expose subjects to lower body suction below -25mm Hg. Thus Glick 
et al!2 may not have stimulated long enough, whereas the stimulus 
applied by Brick et al may not have been sufficiently severe to 
cause the release of the necessary amount of transmitter to manifest 
a beta response. If it could be demonstrated that prolonged infusion 
of tyramine (15 minute duration) caused the release of neurotrans- 
mittor from nerve endings which, after alpha receptor block, was 
capable of producing a beta receptor mediated vasodilatation, then 

it is reasonable to assume that noradrenaline released as a result 
of sympathetic nerve stimulation could also produce a dilatation 
after alpha receptor blockade providing the stimulus is of sufficient 
strength and duration. This would be classed as active reflex 
dilatation. 

Passive dilatation refers to the relaxation of vascular 
smooth muscle which occurs when tonic secretion of a constrictor 
substance is interrupted and implies as a prerequisiste the existence 
of neurogenic tone. Active dilation refers to vascular relaxation 
caused by the direct action of some substance, following exogenous 
administration or endogenous release, on vascular smooth muscle. 

Even from the times of Claude Bernard2!, who first 
demonstrated passive dilatation in the rabbit ear and active dilatation 
in the submaxillary gland upon stimulation of the chorda tympani nerve, 
the controversy has raged as to the existence of a vasodilator as 
well as a vasoconstrictor center. Early workers hypothesized only 
a vasoconstrictor centre and vasodilatation resulted from inhibition 
of vasoconstrictor activity. 


Since then workers have reported demonstrations of active 


ppfa eudt en eat whoa nei cus “bod ABWOr ofe 
aufimtte aA? zearate We oie onal nants Laer 22 siiad son dar 
os. guavne vidiulol ive. asad aver 198 vain fe Ss “ied 






Sesriem Oo reds bua YO Juche cysetagian ony 30 sents ont 


Seale Ny 


a 
: hare ‘ 
not vi j* i? ela a) as ‘Ore 3 _ ed 1O"| rar Ty bE ate] KT UGS fh 7i seiodee®: eied & 
-onessoruen to aessfay and bere ‘ Gottevub- tur hn ef) “an tng tw ; 
a 
- 
; 


Sidi epatbns ‘ayaan Or oesti 


oO 
i 
~ ] 


oo. & . * i 


26w eav0i 


pant: verfadsl feccay beter hem yorgs Ie aged 5 patoulor to sideqsa 


- - ' - 
‘Tusen s £6 bovactor ant fansubsson send” armas of afdangnee at af 
OCT, Pe LO oe ‘atislUntta.aviem geted * 
ohoeselth - sounom cal io5) coh Pel eis avien atten seamen 
: r 


tinotohiue Yo 2) eatumite ens onthtvord ciheiacid yorqemes anges 19d% 


~_ 


eviagoa a5 2ni5 2 iow £707 «nore eyubeeas Atenas a 
i - ‘ : 


” 
no tevetre ou 

; : : tak « 
“f.1 72 BS . > OT PERS IS On) Of 27s" 1 nO 733 ath SY >269 ; 
a - * Nh : > 
wTSiN7EC99 & Th ROTI fi (Sui 24nod oti bulb ae ol 








vs —e - + ‘ he 


gonesatno ont atelztupsigw 6 22 20 forf bas begge Sent at sone tegue 

oliexétar aat geev Od 24elter-11c ttt syvitos end 5 seria io. oe 
guomspoxo gutwelio? .sonndzuue sor Fo noitss gos vie afd va a 
.9[Seum does yalus@av rh 29: gel i zupriepabt 1) ni 1 Senger 
ert daw .- Sbieannet shup!ld Fo 2H 2 ads (04. Or a 
hatreds! ib pvisoa bins we Strider ony nk ee ties 

| es Abed Sits ett *o wots sum 2 10ge stk 

i 


ready v-9e solar aft 9, Le 5 


i.) 


rr 





igpt a ‘ -— 


reflex dilatation in various preparations. There has been a great 
deal of work done on compounds such as vasopressin, oxytocin, angio~ 
tensin and bradykinin which have powerful vasoconstrictor or vaso- 
dilator activity depending on the compound. The possibility that 
bradykinin may be important in vasoregulation is suggested by the 
studies of Hilton and Lewis22°7& who showed kallikrein could be 
obtained from the venous effluent and the secretion of the salivary 
gland after stimulation of the chorda tympani. However, while 
kallikrein is found in many glandular tissues, in the blood and in 
the urine, the physiological role of the kinins as vasoregulators 
is not fully established. 

In a recent review, Schachter (1969)2% suggested that 
specific physiological roles cannot as yet be ascribed to these 
substances with confidence. There has been evidence to suggest 
that the kallikrein-kinin system may regulate functional hyperemia 
in glands; and that the system is activated at birth and mediates 
the vascular changes occuring during the transition from fetal to 
neonatal circulation. 

Studies by Dale (1906)2*, Euler et al (1937)?°, Burn 
(1932)26, Bulbring and Burn (1936)27, Folkow and Uvnas (1948)28 
and others have demonstrated a cholinergic vasodilator system with 
extensive central representation in cats and dogs. Excitation of 
the system results in active dilatation of skeletal muscle vasculature. 
Since peripheral resistance is localized in the arterioles, the 
increase in blood flow is thought to be due to arteriolar dilatation 
(Uvnas 1966)29. Vasodilator activity in these nerves can be 


abolished by atropine. Burn and Rand (1958)?° proposed that nor- 
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adrenaline release is brought about through the intermediary action of 
acetylcholine. In experiments in which post ganglionic fibres running 
to the perfused rabbit ear were stimulated, vasoconstriction due to 
the release of noradrenaline was greatly potentiated by the addition 
of physostigmine to the perfusion fluid. An article summarizing the 
evidence for this hypothesis has been recently published by Burn 
(1971)31. There is no evidence at present which links this "sympa- 
thetic cholinergic" system to the cholinergic vasodilator system 
discussed earlier. 

Lindgren and Unvas (1954)32 produced a vasodilatation in 
skeletal muscle by stimulation of the depressor area which was not 
abolished with atropine. This evidence, plus that of Frumin, Ngai 
and Wong (1953)33 who used an adrenergic blocking compound to abolish 
the constrictor response to ventral root stimulation, was taken to 
indicate that this vasodilatation was the result of a reduction in 
sympathetic tone mediated through the baroreceptors and was therfore 
passive in origin. Frumin et al°? confirmed the existence of 
sympathetic adrenergic constrictor, sympathetic choltnergic and dorsal- 
yoot dilator fibres. Furthermore, he suggested the only mechanism 
for eliciting dilatation through medullary reflexes was inhibiton of 
sympathetic constrictor discharge. 

In spite of evidence which suggests "active reflex dilatation" 
is actually only "passive dilation", another candidate for the neuro- 
humoral mediation of active reflex dilatation is histamine. Beck et 
al (1961)3* demonstrated that reflex dilatation was not affected by 
low doses of atropine sufficient to block cholinergic fibres. Since 


ganglion blocking agents blocked both reflex dilatation and reflex 
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constriction this showed both passive and active reflex systems were 
ganglionated. 

The beta blocking agent dichloroisoproterenol (DCI) does 
not block reflex dilatation in doses which abolish an equivalent 
dilatation induced by the intra-arterial injection of isoproterenol. 
The results with DCI suggest active reflex dilatation is not simply 
a phenomenon of adrenaline reversal resulting from a diminished 
neurogenic release of noradrenaline, nor can it be ascribed to the 
release of a substance with pure beta stimulating activity. Beck 
et al (1961)2* has suggested in experiments with hemicholinium 
which abolished sympathetic tone and reflex dilatation which was 
restored after treatment with choline (which had been shown to anta- 
gonize hemicholinum) that acetylcholine may be implicated in 
sympathetic transmission and active reflex dilatation. These 
experiments demonstrated that reflex dilatation induced by baro- 
receptor stimulation is not entirely passive in origin. The fact 
that reflex dilatation exceeds the dilatation resulting from loss 
of vasoconstrictor tone after acute sympathetic denervation, and 
that reflex dilatation was shown to be present after vasoconstrictor 
tone was abolished pharmacologically was taken to suggest that at 
least part of reflex dilatation was active in nature and involved the 
release of a vasodilator transmitter from sympathetic nerve ending. 

In a paper published in 1965, Beck (1965)?° presented 
evidence of the blocking effect of antihistamineson reflex dilatation. 
A wide variety of antihistaminergic compounds were tested and it was 
demonstrated that a reduction in reflex dilatation was brought about 


in some cases through a central action (presumably by depressing the 
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excitability of vasomotor neurones in the medulla). In cross 
circulation experiments he showed that antihistamines effect a 
reduction in reflex activity in the recipient limb without reducing 
perfusion pressure, demonstrating a second component of reflex blocking 
activity in the periphery. 

It seems reasonably certain that antihistamines block the 
peripheral effects of vasodilation. What is not clear as yet, is 
whether antihistamines block the neurogenic release of histamines at 
the vascular level, or whether the blockade is a result of pharmaco- 
logical properties shared by antihistamine blocking the passive 
component of reflex dilatation through a central action. Beck?® 
Suggests that antihistamines block passive dilatation shown to be due 
to a reduction in sympathetic vasoconstrictor tone centrally, and 
active dilatation by an effect at the periphery. Either this implies 
histamine is an inhibitory transmittor in the CNS or biockade of 
passive dilatation is due to some other pharmacological effect of 
antihistamines. 

It is clear that histamine is present in nervous tissue 
and is most concentrated in post ganglionic sympathetic fibres 
Brody (1966)26. Enzymes responsible for its synthesis and degradation 
also appear to be present in sympathetic nerves. Exogenous histamine 
produces a response very similar to reflex dilatation and tne response 
is antagonized by pharmacological agents that antagonize histamine. 
Brody (1966) demonstrated the liberation of isotopically labelled 
histamine into venous blood during reflex dilatation. He concluded 
that when baroreceptors are excited by increased pressure, the reflex 


vasodilator response in skeletal muscles is produced by the inhibition 
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of noradrenaline secretion and Simultaneous neurogenic liberation of 
the vasodilator histamine. 

There is a good deal of evidence to support histamine 
mediation of active reflex dilatation. However, the fact still remains 
that not all anti-histamines were capable of blocking reflex dilatation 
and similarly several histamine releasing drugs tested by Beck (1965)35 
caused a fall in perfusion pressure, and no reduction in reflex 
dilatation; or a parallel decrease in reflex dilatation and perfusion 
pressure. There has been no satisfactory answer to the question of 
why histaminergic dilatation is not readily evoked upon stimulation 
of lumbar sympathetic chains. Brody's experiments (1966)?® provided 
the first direct evidence for the role of histamine as a neurotransmitter 
of active reflex dilatation. Brody stated that the vasodilation 
response was produced by noradrenaline inhibition and histamine 
release. However, Brody was not abie to demonstrate any decrease in 
noradrenaline in venous blood collected during reflex vasodilatation. 
Glick, Wechsler, and Epstein (1968)%7 perfused the hind limb of 
degs at a constant flow rate. The role of histamine as a mediator 
of active reflex vasodilatation was studied in animals in which 
basal sympathetic tone in the arterial bed of skeletal muscle was 
minimized by: 

(a) alpha adrenergic blockade with phenoxybenzamine 

(b) depletion of endogenous noradrenaline stores by 

pretreatment with reserpine. 
Both techniques essentially abolished reflex vasodilatation. It was 
concluded that since vascular beds in which reflex vasodilatation was 


abolished retained a sensitivity to intra-arterial acetylcholine that 
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the sympathetic cholinergic system does not participate in reflex 
vasodilatation. Glick et al37 concluded decreasing levels of nor- 
adrenaline at the neuroeffector junction,rather than secretion of 
histamine or acetylcholine,is the cause of reflex vasodilatation. 

Furthermore, it was suggested that the blocking effect of 
antihistamines (in particular treplennamine) on reflex vasodilatation 
as observed by Beck (1965)2° was due to a cocaine like interferance 
with the neural uptake mechanism. That is, if a means of reducing 
noradrenaline concentration at its site of action is reduced, reflex 
vasodilatation is concurrently reduced. The study of Brody (1966)3§ 
which demonstrated radioactive histamine, and a metabolite (N-methyl- 
histamine) in the venous effluent of an isolated perfused muscle 
during reflex vasodilatation was accounted for by the suggestion that 
large priming doses of radioactive histamine diffused nonspecifically 
into many areas of the tissue water. Thus reflex dilatation could 
wash out increased amounts of radioactivity by a redistribution of 
blood flow. This argument is further strengthened by the fact that a 
large amount of radioactivity appeared as N-methyl-histamine which 
had been shown to be widely distributed in the tissue water. 

Levin et al (1968)38 noted adrenaline was a potent dilator 
in several species of monkeys. It was suggested that adrenaline 
released from the adrenal medulla into the circulation may participate 
in active reflex vasodilatation. However, in comparing the reflex 
dilatation obtained in intact monkeys to adrenalectomized monkeys, 
the responses were not significantly different. The fact that humorally 
released adrenaline does not participate in reflex dilatation, does 


not exclude endogenous transmittor from stimulating receptor sites. 
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Levin et al28 noted that a dose of propranolol which abolished a 
comparable dilatation induced by intra-arterial isoproterenol did 
not affect reflex vasodilatation. It may be possible that reflex 
vasodilatation induced by transmitter stimulation of beta receptors 
may not be amenable to blockade by circulating propranolol. One 
point of agreement between the studies of Beck (1965)3°, Glick 
et al (1968)37 and Levin et al (1968)%° is that the cholinergic 
vasodilator fibres do not participate in the pressoreceptor induced 
reflex vasodilatation. 

Folkow et al (1961)32 suggested vasodilator fibres are 
distributed to bigger precapillary resistance vessels only. Few 
if any dilator fibres run to the venous side of the circulation. 
In a study in which Zimmerman (1963)*° compared the effects of 
various sympathomimetic amines upon venous and total vascular 
resistance in the foreleg of the dog, it was observed the pressor 
amines had a differential ability to constrict veins in the foreleg. 
Different degrees of venoconstriction were produced for similar 
changes in total resistance. The percentage contribution of the 
increase in venous resistance to the increase in total resistance 
was greater as the dosage increased. The results suggest the 
venous segment constricts proportionately more at higher doses 
than at lower ones - whereas the resistance vessels are relatively 
more sensitive to lower doses of amines. Kaiser et al (1964) "2 
noted that while isoproterenol consistently diminished systemic 
vascular resistance it also consistently produced venoconstriction. 
He showed that the venoconstriction very likely resulted from 


stimulation of beta receptors since it was completely blocked with 
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nethalide. Phenylephrine constricted the arterial bed, but its 

effects on the capacitance vessels was similar to isoproterenol. The 
effects of phenylephrine and noradrenaline on arteriolar and venous 

beds were blocked with phenoxybenzamine. It was concluded that the 
effects of phenylephrine and noradrenaline were mediated through 

alpha adrenergic receptors. These experiments suggest that the 

systemic venous bed contains alpha and beta adrenergic receptors both of 
which mediate venoconstriction. 

Clement et al (1969)+2 investigated the influence of 
various pharmacological agents such as noradrenaline, adrenaline, 
and isoproterenol on isolated vein preparations. It was observed that 
isoproterenol in small doses produced a venodilatation, whereas in 
higher doses a venoconstriction was provoked. This response could 
be abolished with phentolamine. In other preparations if venocon- 
striction was previously induced by noradrenaline, isoproterenol 
induced relaxation which could be abolished by previous exposure to 
propanolol. Thus this suggests that beta adrenergic stimulation 
produces vasodilatation in veins. 

Abboud and Eckstein (1966)? demonstrated that sympathetic 
nerve stimulation causes constriction of the large artery segment of 
the perfused foreleg of dogs and results in diversion of blood away 
from the paw to more proximal parts of the foreleg. The effects of 
noradrenaline differ from those of nerye stimulation. Noradrenaline 
causes constriction of small vessels in paw predominently. Con- 
striction of both small vessels and venous segments in the paw 
exceeds constriction of corresponding segments in muscle. Previously 


it had been reported by Abboud, Eckstein and Zimmerman (1965) **. 
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that stimulation of beta receptors with isoproterenol causes much 
more dilatation in small vessels than in veins in the foreleg and 
that small vessels of both the paw and muscle dilate equally. 

Further studies by Zimmerman (1966)*° in which the entire 
left hind limb of dogs was perfused through the femoral artery at 
a constant flow showed very large resistance changes in the paw as 
compared to those in the muscle in response to sympathetic nerve 
stimulation. They found that vasoconstriction in the muscle elicited 
by sympathetic stimulation was accounted for by small vessel 
constriction in both arteries and veins. Constrictor responses in 
the muscle were of much lesser magnitude than that obtained in the 
paw. After blockade of adrenergic fibres by bretylium tosylate, 
sympathetic stimulation resulted in vasodilatation in small vessels 
in paw and muscle. Veins were not dilated during sympathetic 
stimulation after bretylium; slight residual constriction of the 
venous segment in the paw remained. This agrees with the results 
of Folkow et al (1961)29 who suggested that sympathetic vaso- 
dilator system does not innervate the venous circulation. 

In the study by Zimmerman (1966)*° sympathetic stimulation 
elicited a prominent fall in paw artery perfusion pressure indicating 
vasodilatation in the paw after adrenergic neurone blockade with 
bretylium. This dilatation was resistant to atropine blockade in 
doses which abolished the effect of intra-arterial methacholine. 

No explanation for the atropine resistance dilatation was available. 

In a following study, Zimmerman (1968)'® observed in the 
dog hind-timb: 


(1) a rapidly developing cholinergic component easily 
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blocked by atropine. 

(2) a slowly developing long lasting component not affected 
by atropine localized in the cutaneous portion of the 
bed. 

(3) a response histaminergic in nature occurring mainly 
in skeletal vessels. 

The long lasting component was not blocked with anithistamines 
or antiserotonin, but was abolished after skinning the limb suggesting 
exclusively cutaneous vasodilatation. A chemical transmitter for 
this cutaneous vasodilatation has not been identified with certainty 
but it had been shown not to be acetylcholine, histamine, serotonin 
or bradykinin. The presence of this dilator system distributed to 
the cutaneous vessels was confirmed by Brody and Shaffer (1970)*7. 

It also indicated that vasodilatation in response to carotid sinus 
nerve stimulation occurred in the cutaneous as well as muscular 
components of the limb, but offered no new evidence as to a possible 
mediator for sustained vasodilatation in the paw. It is not likely 
that adrenergic mechanisms play a role in this third dilator system 
since the vasodilator response was obtained 10-30 minutes after 
adrenergic neurone blockade with bretylium tosylate of guanethidine 
hydrochloride. 

The role of beta adrenergic mechanisms in causing reflex 
vasodilatation has been all but eliminated. Any effect of beta 
blockade on reflex vasodilatation has been attributed to a nonspecific 
vascular depressant or ganglion blocking action. Levin?® noted that 


while propranolol abolished a vasodilatation induced by isoproterenol, 
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it did not affect reflex vasodilatation. It is unlikely that reflex 
vasodilatation induced by stimulation of beta receptors is not 
amenable to blockade by circulating beta blocker -- if beta adrenergic 
receptors were, in fact, involved in this response. Li and Bentley®! 
(1970) showed that in cats the direct dilator response to adrenaline 
which is a beta response in the hind limbs is not reduced by alpna 
antagonists at a time when reflex responses are abolished. Further 
more this direct beta dilator response was augmented after azapetine 
which reduced the pressor response to adrenaline by 50%.8! These 
workers®! concluded that the efferent arm of the reflex vasodilator 
mechanism does not appear to involve either histamine, muscarinic 
receptors, or beta adrenergic receptors. 

This thesis is concerned with the sympathetic control of 
peripheral vascular smooth muscle and deals mainly with the response 
of beta adrenergic receptors in the peripheral vascular system to 
endogeneously released noradrenaline, i.e., noradrenaline released 
from sympathetic stores in the nerve endings by means cf a "releasing 
drug" (tyramine) or by reflex stimulation of sympathetic nerves 
(bilateral carotid occlusion). Included also are evaluations of 
the alpha adrenergic receptor blocking properties of thymoxamine, 
dibozine and phentolamine. These drugs were assessed in preliminary 
experiments to determine which produced the most effective blockade 
with minimal other effects (such as a direct vasodilatory effect) 
as evidenced by the change in peripheral resistance in response to 
intra-arterial noradrenaline, and tyramine. 

As well, one section of this thesis deals with the 


cardiovascular effects of theophylline during infusions of noradrenaline, 
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and bilateral carotid occlusion, and after alpha and beta receptor 
blockade. These experiments were conducted to investigate the "beta 
potentiating" effects of theophylline on peripheral beta receptors. 

The thesis deals with the question can sympathetic neuro- 
transmitter released from sympathetic nerve endings produce stimulation 
of vascular beta adrenergic receptors and, if so, what physiological 
role does this play in producing active vasodilatation in the 


peripheral circulation? 
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SECTION I 


The Response of the Whole Hind Limb Vascular Bed of Dog to 


Intra-arterial Infusions of Noradrenaline and Tyramine. 
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INTRODUCTION 


Frewin and Whelan2° observed in the human forearm 
that the action of tyramine is dependent on the presence of 
sympathetic nerves and that tyramine stimulates both alpha and 
beta adrenergic receptors. They observed that the alpha receptor 
action was predominant, the beta effect being seen only after 
blockade of the alpha receptors with phentolamine. Experiments 
similar to those of Frewin and Whelan2° who investigated the 
mechanism of action of tyramine on the blood vessels of the 


forearm in man are repeated in the dog. 
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MATERIALS AND METHODS 


Experiments were conducted on five mongrel dogs (average 
weight of 15 kgms). The dogs were anaesthetized with I.V.pentabarbital 
sodium (nembutal R 30mgm/kgm) and maintained on thiopental (pentothal R) 
10mgm (0.5cc)/15 minutes, for the duration of the experiment. 

Immediately after induction the trachea was intubated 
and a catheter was placed in the right cephalic vein of the foreleg 
for the administration of anaesthetics. The left brachial artery 
was cannulated to monitor systemic arterial pressure. Arteriai 
pressure was measured with a Statham model P23db pressure transducer 
and mean arterial pressure was calculated from these recordings 
(diastolic plus one third Pulse Pressure). 

A flow probe was placed around the left iliac artery 
which had been exposed through an incision just below and paral- 
leling the inguinal ligament. The femoral artery was exposed and 
freed from tissue where it passed below the inguinal ligament. 
Proximally the left external iliac artery was dissected free of 
tissue for a distance of four to five centimeters above the 
femoral profundus branch up under the inguinal ligament. The 
position of this branch relative to the iliac artery and the 
position of the flow transducer illustrated in Figure 1. It 
should be noted that in this experiment paw flow was not occluded, 
nor were the carotid arteries exposed or the vagus neryes 
divided as depicted in Figure 1. The flow probe (A-5000 series 
transducer, Ward Associates) was connected to a blood flow meter 
(Doppler flowmeter ~ Model 1503, Ward Associates) and this output 
and systemic arterial pressure were recorded simultaneously on a 


Beckman Dynograph. The flowmeter was calibrated at the end of the 
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Figure 1: 


Experimental preparation. — 
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Diagram of the experimental set-up 
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experiment by timed collections from the cut artery distal to the 
flow probe. Calculation from the recordings of pressure and flow 
according to the formulae shown below were made: 


PYR = Mean Blood Pressure 


Flow (PVR=Peripheral Vascular) 
Resistance. 
PVC = Flow 
Mean Blood Pressure (PVC=Peripheral Vascular) 
( Conductance. 


and these values of resistance and conductance were plotted 
against time. 

A catheter was inserted in the femoral profundus branch 
(see Figure 1) for the infusion of drugs. The catheter was placed 
so that the tip was not protruding into the lumen of the main 
artery. (Figure 2). This procedure wing the fact that the infusion 
rate of Iml/minute was maintained throughout the experiment resulted 
in no interference with the flow recording in the main branch. A 
ligature was passed under the vessel just proximal to the femoral 
profundus branch. The ligature, when tightened, occluded blood 
flow in the left iliac artery such that zero flow could be 
established. 

Noradrenaline 0.3 and 1.0ug/Kg/minute were infused for 
five minutes each; tyramine 10 and 30ug/Kg/minute for 15 minutes 
each. The drugs were dissolved in ascorbic acid saline (0.9% 

NaCl, 0.03% ascorbic acid) so that the minute dose was contained 
in one milliliter. Ascorbic Acid saline alone was infused 


during control periods. 
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RESULTS 


The results of one experiment are shown in Figure 3. 
Ascorbic acid saline alone was infused for 30 ininutes before the 
drug infusicns to allow flow to reach a steady level. Intra-arterial 
noradrenaline (0.3ug/Kg/minute) was infused for five minutes. After 
flow had stabilized (usually in six to 10 minutes; or until three 
minutes of level flow had been recorded) noradrenaline (1.0yg/ 
Kg/minute) was infused for five minutes. Noradrenaline produced 
a dose dependent decrease in vascular conductance. The noradrenaline 
infusions were foilowed by intra-arterial tyramine in 10 and 30 
ug/Kg/minute for 15 minutes each. Again a dose dependent decrease 
in vascular resistance was observed. intra-arterial phentolamine 
(8ug/Ka/minute) was infused for 20 minutes prior to and during 
repetition of the noradrenaline and tyramine infusions. Noradrenaline 
(0.3 and 1.0ug/Kg/minute) infused during phentolamine (8:g/Kg/minute) 
produced a tiarked vasodilatation, that is, an increase in vascular 
conductance. The response to tyramine (10ug/Kg/minute) during 
phentolamine (8ug/Kg/minute) was abolished, whereas tyramine 
(30ug/Kg/minute) produced vasodilatation. Phentolamine was 
increased to 32yg/Kg/minute and infused 20 minutes prior to, and 
during, repetition of the noradrenaline and tyramine doses. 
Noradrenaline again produced increases in vascular conductance at 
both doses. In this run, blood flow did not return to control 
levels in which case at least three minutes of steady flow was 
recorded before starting an infusion of noradrenaline or tyramine. 
The response to tyramine (10ug/Kg/minute) was abolished during 
phentolamine (32ug/Kg/minute), whereas, tyramine (30ug/Kg/minute) 


caused a vasoconstriction, that is, a decrease in vascular conductance. 
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Figure 3: 


Effect of phentolamine on the response to intra-arterial 
noradrenaline and tyramine in the whole hind limb prep- 


aration. 
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In Figure 4 the average resistance (the reciprocal of 
conductance) during the fourth and fifth minutes of each infusion 
has been expressed as a percentage of the average resistance over 
the last three minutes prior to the infusion. Noradrenaline 
(0.3 and 1.0ug/Kg/minute) caused dose dependent increases in 
peripheral vascular resistance (% Ch = 61415; p<0.05 and % Ch 
= 196+33; p<0.01 respectively). During phentolamine (8ug/Kg/minute) 
noradrenaline (0.3ug/Kg/minute) produced a decrease in vascular 
resistances (2 Ch = 1425, p<0.l0)2 Ihewconstrictor response to 
noradrenaline (1.Qug/Kg/minute) was abolished (% Ch = -9+8) but 
vascular resistance was not significantly decreased. During phentol- 
amine 32yug/Kg/minute noradrenaline 0.3 and 1.0ug/Kg/minute 
produced a significant decrease in vascular resistance (% Ch = 
=o 0-02.01 for NA 0.3ug and % Ch = -28+7, p<0.02 for NA 1.0ug)., 
These responses constituted a reversal of the constrictor effects 
of noradrenaline. 

Tyramine (10ug/Kg/minute) produced a significant change 
in resistance (% Ch = 84415, p<0.01) as shown in Figure 4. A 
similar response was observed with tyramine 30ug/Kg/minute (% Ch 
in resistance = 72+14, p<0.01). Phentolamine (8ug/Kg/minute) 
abolished the response to tyramine 10 and 30ug/Kg/minute (ch 
in resistance = -3+4 and -7+9% respectively), but a significant 
reversal was not observed at either dose level. As with the 
smaller dose of phentolamine, Figure 4 (2) the larger dose 
(32ug/Kg/minute) Figure 4 (3) abolished the constrictor response 
to tyramine but again no significant reversal was observed even 


though the response was reversed in four out of five experiments 
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Figure 4: 
The average response in five experiments to noradrenaline 
and tyramine before (1) and during phentolamine 8yg/Kg/ 
minute ; (2) and 32ug/Kg/minute; (3) expressed as a 


percentage change in vascular resistance. 
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at the five minute point of the infusion in both cases. Tyramine 
was continued for 15 minutes. The changes in resistance expressed 
as a percentage change are shown in Table I at five and 15 minutes. 
The increase in resistance observed with tyramine at five minutes 
(Figure 4) was sustained for the duration of the infusion (% Ch 

= 93+21, p<0.05; Table I). Tyramine 30ug/Kg/minute also produced 
a significant change in resistance at 15 minutes (% Ch = 111428, 
p<0.05; Table 1). During phentolamine 8ug/Kg/minute and 32ug/Kg/ 
minute when tyramine 10 and 30ug/Kg/minute were continued for 15 
minutes; the constrictor response which was abolished and/or 
reversed at five minutes showed little change at the 15 minute 


period (note in Table I). 
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DISCUSSION 


Intra-arterial noradrenaline produced vasoconstriction 
in peripheral vascular smooth muscle by an action on alpha adrenergic 
receptors.*® The effects have been well documented previously. 
After alpha adrenergic receptor blockade noradrenaline produced 
vasodilatation which was abolished after propranolol and therefore 
is due to stimulation of beta receptors. These results agree with 
previous work by (Brick et al, 196631! and Glick et al, 196212). 

Tyramine produced a vasoconstriction in the hind limb of 
the dog. Frewin and Whelan (1967)2° have suggested in man that the 
effect of tyramine is mediated solely by the release of neuro- 
transmittor from sympathetic nerve endings. They concluded that 
because tyramine exerts its effect indirectly as compared to an 
intra-arterial infusion of noradrenaline, the onset of the maximum 
response to noradrenaline develops more quickly than that to 
tyramine. In the present experiments very little, if any, delay 
was observed in the onset of the response to tyramine infusions. 
The onset of the response to tyramine and noradrenaline after 
beginning the infusions was almost immediate. In fact it can be 
noted in the results that the percentage changes in resistance are 
greater at five minutes for tyramine than for the smaller dose of 
noradrenaline. However, since noradrenaline infusions were not 
continued beyond five minutes, it is not possible to determine if 
noradrenaline reached a maximum effect at the end of five minutes. 

Frewin et al2° maintained that since tyramine acts 
indirectly by releasing noradrenaline whereas intra-arterial 
noradrenaline exerts its action directly on the smooth muscle wall 


of the blood vessel, the response to tyramine and its dilator effects 
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would be of lesser magnitude. The fact that tyramine may take 
longer to exert a maximum effect may be due to the relative amount 
of transmitter released by tyramine as compared to intra-arterial 
infusion of noradrenaline. The results of the present experiments 
suggest a difference between dog and man, i.e. that tyramine may 
exert some direct vasoconstrictor action on vascular smooth muscie. 
Either that or it can be said that there is very little time delay 
between tyramine causing the release of noradrenaline from nerve 
stores and the vasoconstrictor response to released noradrenaline. 

After alpha adrenergic blockade with phentolamine 
noradrenaline caused a TASH RECAReN., Phentolamine abolished the 
constrictor effect of tyramine but a significant vasodilatation was 
not observed even when the infusions were continued for 15 minutes. 
(Note Figure 4). Possible explanations for this might be: 

(1) that tyramine does not stimulate beta adrenergic 

receptors. 

(2) that phentolamine was not producing adequate blockade 

of alpha receptors. 

(3) that transmitter released by tyramine stimulated beta 

receptors (in skeletal muscle blood vessels) but 
the response was being minimized by a high skin blood 
flow. 

It has been shown that skeletal muscle blood yessels contain 
both alpha and beta adrenergic receptors whereas the skin contains 
only alpha receptors.*% Thus a vasodilatation in skeletal muscle 
produced in response to tyramine in the present experiments after 


phentolamine may have been minimized by a residual constriction in 
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SECON MIT 
Assessment of the Specifie Alpha Adrenergic Blocking Affects 
of Thymoxamine and Dibozane on the Isolated Muscle Vascular 


Bed of Dog Hind Ltmb. 
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The results of the preceeding study suggested the possi- 
bility that the alpha adrenergic blocker phentolamine was not pro- 
ducing an adequate blockade of peripheral alpha adrenergic receptors. 
Intra-arterial noradrenaline produced yasoconstriction and after alpha 
adrenergic receptor blockade, vasodilatation. However, while intra- 
arterial tyramine produced vasoconstriction, after adrenergic recep- 
tor blockade with phentolamine, the constrictor response was abolished 
but a significant dilator response was not observed. Thus, this led 
to the possibility that the alpha blockade was inadequate and that 
the vasodilatation to intra-arterial tyramine was being masked by a 
residual alpha adrenergic response. In this section, two other 
alpha adrenergic blocking agents were assessed with respect to their 
ability to block the alpha adrenergic constrictor response of vascular 
smooth muscle in the dog hind limb. In the first experiments, the 
ability of intra-arterial thymoxamine to block the response to intra- 
arterial noradrenaline and tyramine was studied. The structural 
formulae of thymoxamine and dibozane are given in Figure 5, as well 
as that of noradrenaline for comparison purposes. In the second 
groups of experiments, dibozane (1, 4-[bis 1, 4 benzo dioxan-2y] 
methyl] piperazine)°” a member of a group of compounds, the benzodioxans, 
was employed. The alpha adrenergic blocking ability of this compound 
was assessed with regard to specificity to block the effect of 


neuronally-released noradrenaline. 
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Figure 6: 
Comparison of the structural formulae of thymoxamine and 


dibozane with that of noradrenaline. 
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METHODS 


Experiments were performed on three mongre] dogs - two 
employing thymoxamine and one, dibozane. The animals were anaesth- 
etized with sodium pentobarbital (Nembutal Ry (30mam/Kg/minute) and 
maintained on pentothal (10mgm/15 minutes) for the duration of the 
experiments. If necessary, the animals were respired with a Harvard 
respirometer. 

A cannula (0.D. 0.27cm) was placed in the cephalic vein 
for the administration of anaesthetic. The brachial] artery of 
the left foreleg was cannulated and the catheter was connected to 
a Statham P23db pressure transducer and the output recorded on a 
Beckman Type R Dynograph on heat-sensitive paper. Systemic arterial 
pressure was recorded and mean systemic arterial pressure was cal- 
culated from the recordings (diastolic plus one-third Puise Pressure). 
A flow transducer (A-5000 series, Ward Assocates) was placea around 
the iliac artery (see Figure 1). The flow probe was connected to 
a blood flowmeter (Doppler Flowmeter, Model 503, Ward Associates) 
and mean flow was recorded on a Beckman Dynocraph. As in Section I, 
the vascular resistance and conductance were calculated from blood 
flow and mean arterial pressure. A cannula was placed in the femoral 
profundus branch for the infusion of drugs (see Figure 2). All drugs 
were made up in ascorbic acid saline (0.9% NaCl, 0.03% ascorbic acid) 
which was infused during control runs as well as serving as a vehicle 
for drug administration. Drug infusions were expressed in ug/Kg/ 
minute and the infusion pump was calibrated to deliver one ml/minute. 
In the present experiment, beta receptor activity localized in the 


muscle and not the skin was investigated. Paw flow was occluded 
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(since paw flow is mainly cutaneous) and major cutaneous branches 
to the skin of the leg were ligated. Therefore, the changes 
occurring in vascular resistance and conductance were changes 
occurring in the muscle vascular bed. 

Similar procedures were employed in the experiments with 
thymoxamine and dibozane with the addition that in the dibozane 
experiment, the carotid arteries were exposed through a mid-line 
incision in the neck. Ties were placed around the arteries so that 
they could be occluded when necessary. At the same time, the 
Vagus nerves were ligated and divided. The complete experimental 


preparation is illustrated in Figure 1. 
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RESULTS 


A. Thymoxamine 

The partial results of one experiment are illus- 
trated in Figure 6. Referring to Figure 6, noradrenaline (0.3 
ug/Kg/minute) produced an increase in resistance with a concurrent 
decrease in conductance. This was followed by a 15 minute infusion 
of tyramine (30ug/Kg/minute) (Figure 6B). Tyramine also produced a 
decrease in vascular conductance. Thymoxamine (160ug/Kg/minute) 
was infused 20 minutes prior and continued during repetitive doses 
Of noradrenaline (0.3ug/Kg/minute) and tyramine (30ug/Kg/minute) 
(Figure 6A, middle and Figure 6B, middie, respectively). This 
was followed by a 20 minute infusion of thymoxamine (640ug/Kg/ 
minute) which preceeded a further repetition of the above doses. 
Thymoxamine (640ug/Kg/minute) was continued during these doses. 
Thymoxamine (640yG/Kg/minute) reversed the constrictor response to 
noradrenaline (0.3ug/Kg/minute) which now produced an increase in 
conductance and a decrease in resistance. Tyramine (30ug/Kg/ 
minute) still produced a vasoconstriction during the larger dose 
of thymoxamine. 

In Figure 7, the effects of thymoxamine on the vascular 
responses to noradrenaline and tyramine are expressed as a per- 
centage change in conductance (average of two experiments). Intra- 
arterial noradrenaline (0.3ug/Kg/minute) produced a vasoconstriction 
(% change in conductance = -45%), while noradrenaline (1.0ug/Kg/ 
minute) produced a larger vasoconstriction (% change in conductance 
= -70%). During thymoxamine (160ug/Kg/minute), noradrenaline still 


produced a decrease in conductance although the response was reduced 
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Figure 6. 


The response of intra-arterial noradrenaline (0.3ng/Kg/ 
minute) and intra-arterial tyramine 30yg/Kg/minute on 
hind limb blood flow expressed as changes in vascular 
resistance and conductance before thymoxamine, after 
thymoxamine 160ug/Kg/minute, and thymoxamine 640ug/Ka/ 


minute. 
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Figure 7: 


The response to noradrenaline (0.3 and 1.Oug/Kg/minute) 
and tyramine (10 and 30:g/Kg/minute) expressed as a 
percentage change in vascular conductance from control 
levels before and during treatment with thymoxamine 


(160 and 640ug/Kg/minute) (X of two experiments). 
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Tyramine 30yg/Kg/minute 4@ 


Conductance (% change) 


20 


-40 


-80 


Control 


Figure 7 


! 


ee ee 





Thymox 
I60ug/Kg/min. 


Thymox 
640pug/Kg/min 


43. 





' 
‘ 
+ 
i 
‘. ’ 
v Vs 
“a 
sa Fa * 
< : mGeTyELT F : . ou = VT 
‘ ‘ “ { ‘ 
DL ot HAPFEN Dh TARY at a 


44. 


(% ch for Na, 0.3ug = -12%; for Na, 1.0ug = -18%). During 
thymoxamine (640ug/Kg/minute), noradrenaline (0.4ug/Kg/minute) 
Produced a decrease in conductance (% ch = -5%), while the 
response to noradrenaline (1.0ug/Kg/minute) was a small increase 
in conductance (% ch = 8%). 

Before treatment with thymoxamine, tyramine (10ug/Kg/ 
minute) produced a decrease in conductance (% ch = -98%). 
Similarly, tyramine (30ug/Kg/minute) also decreased conductance 
(% ch = -55%). During thymoxamine (160ug/Kg/minute), the 
response to tyramine (10ug/Kg/minute) was reduced (% ch = -25%), 
but the response to tyramine (30uq/Ka/minute) was relatively 
unaffected (% ch in conductance = -52%). When thymoxamine 
was increased to 640ug/Kg/minute, tyramine (10 and 30ug/Kg/minute) 
still decreased Vascular conductance (% ch = -12% and -33%, 
respectively). In order to evaluate the direct effect of intra- 
arterial thymoxamine, the vascular conductance during each control 
period prior to each infusion of noradrenaline and tyramine has 
been averaged for the three situations before thymoxamine treatment, 
during thymoxamine (160ug/Kg/minute) and during thymoxamine (640 
ug/Kg/minute). The values for the two thymoxamine treatments were 
then expressed as a percentage of the value before thymoxamine 
and are plotted as closed circles in Figure 8. It can be seen 
from the Figure that thymoxamine produced a marked increase in 


vascular conductance (% ch = 150%). 
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Figure 8: 


The effect of thymoxamine on vascular conductance 
(expressed as a percentage change from control levels). 
The open circles represent the individual values obtained 
from the control periods before each infusion of nor- 
adrenaline and tyramine. The vascular conductance for 
the control period before each drug infusion during 
treatment with thymoxamine 160ug/Kg/minute and 640ug/ 
Kg/minute has been expressed as a percentage change from 
the vascular conductance in the control period before 
that drug infusion before treatment with thymoxamine. 
The closed circies are the averages of these four 


values. 
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B. Dtbozane Results 

The experiment is shown in Figure 9. In Figure 9a, 
left, noradrenaline was infused for five minutes. A vasoconstriction 
was produced as indicated by an increase in resistance and a decrease 
in conductance. After flow stabilized the carotid arteries were 
occluded for approximately 15 minutes producing a reflex vaso- 
constriction in the hind limb (Figure 9a). Again after flow had 
stabilized, tyramine (10ug/Kg/minute) was infused for five minutes 
(Figure 9a, right} and produced a vasoconstriction. A five minute 
loading dose of dibozane (0.6yg/Kg/minute) preceeded an infusion 
of dibozane (10ug/Kg/minute). The control runs were repeated 
during dibozane (Figure 8b) with the exception that noradrenaline 
was increased to 0.32yg/Kg/minute. After dibozane, noradrenaline 
produced a decrease in vascular resistance (Figure 9b, left) 
whereas, tyramine and bilateral carotid occlusion produced a yaso- 
constriction (Figure 9b, middle and right). The experiment was 
repeated with dibozane (20ug/Kg/minute) (Figure 9c). Noradrenaline 
(0.32 and 0.64yg/Kg/minute) produced a vasoconstriction, 

In Figure 10, the responses to noradrenaline during 
dibozane infusions are expressed as a percentage change from 
control levels of resistance (closed circles) and conductance 
(open circles) for one experiment. Noradrenaline (0.16ug/Kg/ 
minute) produced an increase in resistance (% ch = 120%). During 
dibozane (10yg/Kg/minute), the response to noradrenaline was 
reversed (% ch in resistance = -37%). Similarly, smaller reversals 
were observed for noradrenaline (0.32 and 0.64yg/Kg/minute) during 


dibozane (20ug/Kg/minute) (% ch in resistance = -18 and -13%, 
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Figure 9: 


The peripheral vascular resistance and conductance responses 
in a typical experiment to intra-arterial noradrenaline 
(0.16, 0.32 and 0.64ug/Kg/minute), tyramine (10yg/Kg/ 
minute) and bilateral carotid occlusion before and 


during infusions of dibozane (10 and 20ug/Kg/minute). 


Noradrenaline 0.16yg/Kg/minute - NA 0.16ug 
Noradrenaline 0.32ug/Kg/minute - NA 0.32yg 
Noradrenaline 0.64yg/Kg/minute - Na 0.64yg 
Tyramine 10ug/Kg/minute - Tyr 10ug 
Bilateral Carotid Occlusion - BCOQ 

Dibozane 10ug/Kg/minute - DIB 10yg 


Dibozane 20ug/Kg/minute - DIB 20yg 
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Figures 10 and 11: 
The response to noradrenaline, tyramine and BCO expressed 
as percentage change from control levels for one 


experiment. Doses are in ug/Kg/minute. 
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respectively). Bilateral carotid occlusion produced an increase 
in resistance (% ch = 65%) (Figure 11). This response was reduced 
after dibozane (10uq/Kg/minute) (% ch in resistance = 6%). A 
similar response was produced after dibozane (20ug/Kg/minute) 

(% ch = 11%). Tyramine (10ug/Kg/minute) produced an increase in 
resistance (% ch = 89%), but vascular resistance was not reversed 
after dibozane (10ug/Kg/minute); that is, tyramine still produced 


a vasoconstriction. 
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DISCUSSION 


Birmingham and Szolcsanyi (1965)°°, using isolated tissue, 
suggested thymoxamine was a competitive antagonist of adrenergic 
alpha receptors on vas deferens and vascular smooth muscle and a 
histamine antagonist on guinea pig ileum. They noted thymoxamine 
had a relative specificity for alpha adrenergic receptors, but the 
effect was completely reversible. In experiments by Birmingham et 
al. (1967)51 on unconscious cats, thymoxamine reduced the pressor 
response to intra-venous noradrenaline. The proposed mode of 
action was on vascular alpha receptors. Turner et al. (1969)° 
applied thymoxamine as an ointment to the feet of patients with 
severe ischaemic disease tC the lower limbs. The results suggested 
thymoxamine reflected a reduction in alpha adrenergic receptor 
mediated vasoconstriction. In the present experiments, thymoxamine 
was ineffective in producing noradrenaline or tyramine "reversal". 
This suggests thymoxamine is at best a relatively weak alpha receptor 
blocker. Birmingham et al. (1969)°% suggested the action of 
thymoxamine on human arteries indicated simple competitive antag- 
onsim, but in the present experiments, thymoxamine was ineffectiye 
in abolishing or reversing the response to noradrenaline eyen at 
the highest doses. 

Ramsay (1969)°* found that intra-venous thymoxamine produced 
a definite cutaneous vasodilatation in patients with vasopastic 
conditions with no large vessel occlusion, but was ineffective in 
patients with occlusive vascular disease. Thus, the drug exerts its 


action directly on vascular smooth muscle. The ability of thymoxamine 
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to increase blood flow to the foot was explained by Meyers (1968)5°5 
as an appreciable dilatation of skin vessels, but little dilatation 
in the muscle circulation. In the present experiments the direct 
vasodilatory effect was very evident. Since an attempt was made to 
isolate the muscle circulation by eliminating skin and paw flow, 
this effect is assumed to be occurring principally in a muscle 
vascular bed. Kane (1970)°° found thymoxamine to be a cutaneous 
dilator of brief duration of action in the hand and foot. The 
present results and those of Kane°® indicate thymoxamine causes 
dilatation in both the skin and muscle. Its usefulness as a drug 
therefore seems to derive from its own direct vasodilatory effects 
Since its effectiveness as a specific alpha blocker is questionable. 
Ahiquist and Levy (1959)58 demonstrated the alpha adrenergic 
blocking specificity of dibozane on canine ileum when the intestinal 
inhibitory effects of phenylephrine were blocked with dibozane and 
those of isoproterenol by DCI. But the effects of adrenaline were 
not blocked unless both alpha and beta receptor blockers were present. 
In the present experiments, tne response to intra-arterial nor- 
adrenaline was reversed, but the response to tyramine and bilateral 
carotid occlusion (reflex stimulation of the sympathetic nerves) 
was only reduced and neyer completely abolished or reversed. These 
results are in agreement with those of Rapela and Green (1961)°2 who 
observed dibozane only reduced the response to lumbar sympathetic 
nerve stimulation. They also noted that larger doses of dibozane 
reversed the response to noradrenaline although not as effectively 
as that to adrenaline. This suggests that dibozane is more effective 


in producing alpha receptor blockade to circulating noradrenaline than 
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to neurotransmitter-released from nerve stores. In the experi- 
ments with phentolamine, the response to tyramine was reversed in 
four out of five experiments (although the response was not signifi- 
cant). Thus, phentolamine appears to be more effective than dibozane 
in blocking the alpha adrenergic effects of endogeneously released 
noradrenaline, whereas dibozane is equally as effective as phentola- 
mine in reversing the effects of blood-borne noradrenaline. Rapela 
and Green (1961)°? suggested dibozane produced a non-competitive 
blockade whereas Goodman and Gilman®® note in "The Pharmacological 
Basis of Therapeutics" that dibozane blockade is competitive and 
relatively transient. Increasing noradrenaline concentration during 
an infusion of dibozane indicated the blockade could be overcome. 


Thus a competitive blockade is possible. 
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SECTION III 


The Effects of Theophylline on Adrenergic Responses tn the Dog 


54. 





nbs 


In the preceeding experiments involving intra-arterial 
infusions of phentolamine, noradrenaline and tyramine, a small but 
consistent (although statistically insignificant) beta-response 
was obtained in the hind limb vascular bed to tyramine after 
alpha-receptor blockade with phentolamine. If a small beta receptor 
component was present it might be made more obvious if the response 
to beta receptor stimulation was potentiated. 

It has been suggested by Robinson, Butcher and Sutherland 
(1967)®! that the beta-adrenergic receptor may be related to the 
adenyl cyclase cyclic AMP system. Cyclic AMP is a nucleotide 
which plays a unique role in the action of many hormones. Its 
level in body tissues may be increased or decreased by hormonal 
action; the effect varies depending on the tissue. Evidence 
indicates that adenyl cyclase is localized in the cell membrane, 
therefore hormone action of cyclic AMP levels and membrane phenomena 
may be related.©2 Tissue levels of cyclic AMP as well as being 
influenced by hormones, can be affected by nicotinic acid, imidazole 
and the methyl-xanthines (eg. theophylline) acting on its synthesis 
and degradation. Tne only known enzymatic reaction resulting in 
the formation of cyclic AMP is that catalysed by adenyl cyclase 
which converts adenosine triphosphate to cyclic AMP and inorganic 
phosphate in the presence of Mg2* and Mn2+ jons.&3 Adenyl cyclase 
is activated-by sodium fluoride, and inhibited by zinc and acetyl- 
choline. The only known route of cyclic AMP catabolism is hydrolysis 
of the cyclic nucleotide to 5' AMP catalysed by specific enzymes 
(one or more phosphodiesterases). Phosphodiesterase which breaks 


down cyclic AMP is activated by imidazole and inhibited by theophylline. 
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Evidence that beta adrenergic receptors are closely associated 
with (if not an integral component of) the adenyl cyclase system 
is considerable. Murad et al (1963)&* reported that adrenaline 
stimulates the synthesis of cyclic 3'5' AMP in heart muscle by direct 
action on adenyl cyclase and that this stimulating effect is prevented 
by beta adrenergic receptor blockade. The same workers (1963)®+ 
investigated the relative potencies of a series of catecholamines in 
stimulating adenyl cyclase and they were found to be similar to 
their potencies as inotropic agents in vivo . The effects were 
blocked by dichloroisoproterenol (DCI). Furthermore it was found that 
the rise of cyclic AMP concentration was very rapid following an 
injection of adrenaline and the rise preceded the inotropic effect.&° 
Other evidence has been provided by studies using theophylline, a 
potent inhibitor of phosphodiesterase. Potentiation of the inotropic 
effect of noradrenaline by theophylline was demonstrated by Ral] 
and West (1963)®> and confirmed by Epstein et al 1970.6 Both 
the positive inotropic effects and increase in cyclic AMP levels 
resulting from catecholamine administration could be prevented by 
beta-receptor blockade. 

From the foregoing it would appear that potentiation of 
beta adrenergic stimulation in vascular smooth muscle might be 
accomplished by theophylline. If potentiation occurred this would 
mean: 

(1) first of ali, that adenyl cyclase was related to the 

beta receptor and therefore that potentiation of the 
beta adrenergic response might occur as a result of 


theophylline inhibition of the enzyme responsible 
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for the destruction of 3'5' cyclic AMP. Retarding 
the destruction of cyclic AMP in the area of the 
receptor site would increase the observed beta effect 
by increasing the concentration of cyclic AMP. 
(2) secondly, that a relationship could exist between 
the cardiac beta receptor and cyclic AMP, as reported 
above, and the peripheral-beta adrenergic receptor. 
However, there is little direct evidence to support this 
hypothesis in smooth muscle. Wikenfeld and Levy (1969)®7 determined 
the effect of theophylline on the inhibitory response to isoproterenol 
and phenylephrine in the spontaneously contracting rabbit ileum. 
The log dose curves of isoproterenol were shifted to the left in the 
presence of theophylline, while the dose response curves for the 
inhibitory effect of phenylephrine were not altered by similar 
treatment with theophylline. 
They concluded that 3'5' AMP mediates the beta response 
in the rabbit ileum, but that cyclic 3'5' AMP is not involved in 
the inhibitory response due to alpha receptor activation. Morel 
(1969)&8 compared the effects of oxytocin and noradrenaline on 
active sodium transport and osmotic water flow across epithelial 
cells of the skin of amphibians and demonstrated potentiation of 
beta receptor effects by theophylline. In this preparation 
addition of cyclic AMP or noradrenaline resulted in increased osmotic 
water flow and sodium transport. The effect of threshold doses of 
cyclic AMP and noradrenaline were potentiated by theophylline 
since the effects produced by both compounds was greater than the 


sum produced by each alone in the doses used. The effects produced 
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by noradrenaline were completely suppressed by beta receptor blocking 
agents such as propranolol, but not by alpha receptor blocking 

agents such as phentolamine. Somlyo et at (1970)®9 recently reported 
that cyclic AMP and theophylline hyperpolarize smooth muscle of 
rabbit main pulmonary artery in low, but not high concentrations 

of potassium. The dependence of this effect on low external potassium 
is similar to that observed with isoproterenol. It was also 

observed that the hyperpolarizing effect of isoproternol was 
potentiated with prior treatment with theophylline. These findings 
are compatible with the assumption that potassium dependent beta 
adrenergic hyperpolarization is mediated by cyclic adenosine 
monophosphate. 

There are those who contend that a relationship exists 
between adeny] cyclase and the adrenergic alpha receptor. Turtle 
(1967)7° found the effect of alpha receptor activation to be 
opposite to those of cyclic AMP on insulin release. This would 
imply that sympathetic vasoconstriction could be mediated by a 
decrease in the level of cyclic AMP in vascular smooth muscle. 
Sutherland (1968)7! suggested that effects of alpha receptor 
activation may be related to a decrease in the intracellular level 
of cyclic AMP. . 

Bartelstone (1967)72 showed that an intravenous infusion 
of theophylline potentiated the response to carotid occiusion and 
to the injection of noradrenaline in dogs during M.V.0. (main vessel 
occlusion). He also observed that cyclic 3'5' AMP potentiated the 
contractions of rat aortic strip to noradrenaline. Also Bartelstone 


reported several instances in which small concentrations of theoph- 
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ylline under certain conditons increased the contraction of smooth 
muscle in response to catecholamine. The results of Bartelstone 

et al’2 are interpreted to indicate that enhancement of vascular 
smooth muscle contraction by inhibition of phosphodiesterase is 
mediated by sympathetic alpha receptors. Smith and Ireson (1970)73 
obtained results which indicated isopreterenol and noradrenaline 
were having an inhibitory effect on electrically induced contraction 
of ileum by an action on sympathetic alpha receptors. These results 
(72273) suggest sympathetic vasoconstriction is mediated by an 
increase rather than a decrease in the intracellular level of 

cyclic AMP as was suggested by Sutherland?! previously. 

The first experiments in this section deal with the effect 
of intra-arterially infused theophylline on the response of the 
perfused vascular bed of the dog hind limb to intra-arterial isoproter- 
enol. The effect of theophylline on the response to intravenous 
noradrenaline and carotid occlusion was investigated in the second 


group of experiments. 
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METHODS 


A. Effect of Theophylline on the Vascular Response to Intra-artertal 
Isoproterenol. 

Experiments were performed on five mongrel dogs (weights 
13-16Kgms). The animals were anaesthetized with pentobarbital 
sodium (nembutal ®) (30mgm/Kg) and respired if required by means 
of a Harvard respirometer. One or both of the hind limbs was 
perfused as follows. The dorsal aorta was cannulated through a 
midline abdominal incision as shown in Figure 12. The cannula 
was pushed well up into the aorta and tight ligatures were 
placed around the aorta to eliminate anastomotic blood flow to 
the hind limb. Another incision paralleling the inguinal ligament 
was made to expose the external iliac-femoral artery and a catheter 
was inserted downstream in this artery. The catheter in the dorsal 
aorta was connected by means of a stopcock to tygon tubing (2.5mm I.D.) 
through which blood from the aorta was pumped with a Harvard 
Peristaltic pump through a thermostatically controlled water bath 
maintained at 38°C and back into the femoral artery to perfuse the 
limb. Perfusion pressure was reconicn from a three-way connector 
just prior to where the blood entered the perfused limb. Perfusion 
pressure was measured with a Statham P23db pressure transducer and 
recorded on a Beckman dynograph on heat sensitive paper. Systemic 
arterial pressure was measured from the brachial artery as described 
in Section I. Perfusion pressure was adjusted according to the 
systemic arterial pressure. The transducers were calibrated with a 
mercury manometer at the beginning of the experiment. Drugs were 


infused through the femoral profundus branch of the femoral artery 
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Figure 12: 
Prepartion and Apparatus for Hind Limb Perfusion. 
Blood from the aorta was pumped through a peristaltic 
pump and back into the hind limb (s) as indicated by 


the direction arrows. 


Hind limb perfusion apparatus 


to mercury manometer 
NT 
(y) 


\ 


pressure transducer 


— 


S 


into femoral artery 
thermometer Nn 


tf 
heating element 43 i aS Es ie Ay / 
K\ y— Se <} 
Nee drug infusion? LU 
tL eas 


femoral 
\ profundus 


water bath 38 °C 









paw flow 
occluded 






magnetic stirrer 


peristaltic pump 


Figure 12 








aorta 





61. 





“hy . en ln ; 


+ \ ; ‘ 
ii \) v4 HUG 
y \ bale Be 


62. 


(see Figure 12). Paw circulation was occluded by means of a tight 
wire ligature placed at the distal end of the femur. The animal 
was heparinized with an intravenous injection (5mg/Kg) prior to the 
start of limb perfusion. 

When both the hind limbs were perfused, blood from the 
aorta flowed through a "Y" connector just distal to the tap. A 
separate length of tygon tubing went through the peristaltic pump 
and the water bath; and perfusion pressure was monitored with a 
duplicate set-up shown in Figure 12. Ascorbic acid saline (0.9% 
NaCl and 0.03% ascorbic acid)was infused continously in the control 
side. On the experimental side, ascorbic acid saline was infused 
during control runs, this was followed by theophylline made up in 
ascorbic acid saline. Isoproterenolwas made up in theophylline 


as required. 
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RESULTS 

Figure 13 illustrates the changes in perfusion pressure in 
one experiment in response to isoproterenol. Three experiments 
employing the doses shown in Figure 13 were carried out. In the 
first row isoproterenol (1074*ug/Kg/minute) was infused for five 
-minutes and a slight drop in perfusion pressure was recorded suggesting 
a vasodilatory effect. Dose dependent falls in perfusion pressure 
were observed for subsequent infusions of isoproterenol (107? and 
1072ug/Kg/minute). Each infusion lasted for five minutes. Theoph- 
ylline (10ug/Kg/minute) was then infused for ten minutes and the 
doses of isoproterenol were repeated while the theophylline infusion 
was continued at this rate. Dose dependent decreases in perfusion 
pressure in response to IPN were again observed. The last minute 
of the infusion of isoproterenol was compared to the last minute 
of pre-run control levels. The difference is expressed as a 
percentage change from control levels. In Figure 13 theophylline 
appears to potentiate the response to isoproterenol, however, this 
effect was not reproducible. The average response (n=3) to 
isoprotereno | (107+ug/Kg/minute) was a slight decrease in perfusion 
pressure (% ch = -3). Larger doses of isoproterenol produced 
larger dose dependent decreases in perfusion pressure (IPN 10° ug/ 
Kg/minute, % ch = -16; and IPN 1072ug/Kg/minute, % ch = -29). 
The responses to isoproterenol during theophylline (10ug/Kg/minute) 
was isoproterenol 10~*yg/Kg/minute caused essentially no: change 
(% ch = -1.4); IPN 1073yg/Kg/minute, % ch = -8, and IPN 1072ug/ 
Kg/minute (% ch = -22). Thus an average of the Peanees on in 


perfusion pressure to the three doses of IPN was less during 
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Figure 13: 
Response of the perfused dog hind limb to isoproterenol 
(10-4, 10-3 x 10°2ug/Kg/minute) before and during 


infusion of theophylline (10ug/Kg/minute) in one 


experiment. 
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theophylline treatment than before each treatment. 

In a further experiment (the partial results of which are 
shown in Figure 14) the effect of increasing doses of theophylline 
on the response to isoproterenol 10°? and 10°2yg/Kg/minute were 
observed. The results are shown as a change in perfusion pressure 
from control levels. In Figure 14 (1), isoproterenol 10°2yg/Kg/minute 
caused a decrease in perfusion pressure (% ch = -29). Isoproterenol 
(10-2ug/Kg/minute) repeated during theophylline (50ug/Kg/minute) (2) 
then caused a smaller decrease in perfusion pressure (% ch = -27). 
Increasing theophylline to 100ug/Kg/minute (Figure 14, (3)) reduced 
the response still further. (% ch = -5). When theophylline was 
increased to 250ug/Kg/minute (Figure 14 (4)) the fall in perfusion 
pressure increased slightly from Figure 14 (3), (% ch = -11). 

Then theophylline was discontinued and isoproterenol was infused for 
five minutes. Isoproterenol produced a still greater fall in 
perfusion pressure (% ch = -21) but this was still smaller than the 
control response. In another experiment theophylline was increased 
to 500ugq/Kg/minute. The effects of intra-arterial theophylline on 
perfusion pressure were compared to a control limb in which ascorbic 
acid saline was infused. Theophylline caused a fall in perfusion 
pressure (% ch = -20) whereas the control side was unaffected. 

These effects were investigated further by giving selected 
doses of theophylline and isoproterenol as injections. In Figure 15, 
a set of typical responses is illustrated. At time (1) theophylline 
(Imgm/Kg) and isoproterenol (0.5ug/Kg) were injected simulta- 
neously into the right and left perfused limbs respectively. 


Isoproterenol produced a fall in perfusion pressure (% ch = -25). 
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Figure 14: 


The response to isoproterenol (10°2ug/Kg/minute) during 


increasing doses of theophylline (50, 100, 250yug/Kg/ 


minute) and after theophylline was discontinued. 


(1) 
(2) 
(3) 
(4) 
(5) 


Isoproterenol 10 *ug/Kg/minute (control). 
IPN + theophylline 50ug/Kg/minute. 
IPN + theophylline 100ug/Kg/minute. 
IPN + theophylline 250ug/Kg/minute. 


IPN (theophylline discontinued, saline infused). 


The control is shown on both figures. 
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Figure 16: 


The response obtained to selected injections of 
theophylline and isoproterenol injected simultaneously 
into the perfused left and right hind limbs in one 
experiment. 


(1) theophylline (1mg/Kgm) to the right limbR 
isoproterenol (0.5ug/Kg) to the left Limb’ 


(2) theophylline (1lmg/Kgm) + IPN (0.5yg/Kg) to L 
isoproterenol (lug/Kg) to the R 


Left perfused limb -e-e- 


Right perfused limb -0-0- 


Perfusion pressure 





67. 


Drug injected Drug injected 


1® 


"Ne 


t ogch:-26 






60 





to, Ch=-47 


0 res LPrcaes 
Time (minutes) 


Figure 15 


a 


, re a : , er 7 ‘ 7 ae 
Si | hed a i) abn | id Bas mT | . oe a 
r | " hy 






rh) Tee 
bstoaigl peg; 
(ey | 


Py Gee - ‘i : nia 
a q es i ‘be tn om ah 





werpacjou bigzems 


4s! 


if ; ; 

if a a) Oteg 7 
f i 4 : : 
i i on ont ee | i 
f 7 





a ke = oy | g0 a 
ey svt gn a 
ome ar * 5 i 


| ii 7 
v : 








68. 


Theophylline produced a fall in perfusion pressure of equal magnitude 
(% ch = -26) (the percentage change from one minute before injection 
was compared to one minute after injection). At time (2) in Figure 
15, the fall in perfusion pressure (% ch = -47) in response to 
isoproterenol (0.5yg/Kg) and theophylline (Imgm/Kg) injected intra- 
arterially into the left limb was only slightly greater than the 
response to an injection of isoproterenol (lug/Kg) given to the 


right perfused limb (% ch = -42). 
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METHODS 


B. The Effect of Theophylline on the Response to Intravenous 


Noradrenaline and Bilateral Carottd Oceluston. 


Experiments were performed on five mongrel dogs weighing 
14-18kgms. The dogs were anaesthetized as described in Section I. 
A catheter was placed in the cephalic vein jn the right foreleg. 
This catheter was connected to a three-way stopcock which was 
"Luer-locked" to a syringe mounted in the infusion pump. All drugs 
were given in this catheter. During a continuous infusion, 
intravenous injections were administered by switching the three-way 
stopcock to an injection syringe (for a 1 ml injection) and then 
back to the infusion pump. For all purposes the infusion was 
continuous and the injected dose was infused in the blood stream 
by the pump at a rate of 1 ml/minute. All drugs were made up in 
ascorbic acid saline (0.9% NaCl, 0.03% ascorbic acid) which was 
infused alone during control runs. 

A catheter was placed in the brachial artery, as shown 
in Figure 1 for measurement of systemic arterial pressure. A 
flow probe was mounted on the external-iliac-artery to record 
flow to the left hind limb (also shown in Figure 1). Paw flow 
was occluded by a tight ligature placed at the distal end of the 
femur and cutaneous circulation of the leg was minimized by 
ligating major cutaneous vessels. 

The carotid arteries and vagus nerves were exposed through 
a midline incision in the neck. Ties were placed around the arteries 
so that they could be intermittently occluded. The vagus nerves 


were ligated and divided. If necessary the animal was respired 
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artifically after division of the vagi in the neck. Heart rate 
was monitered with a cardiotachometer. Heart rate, systemic 
arterial pressure, and left hind limb blood flow were recorded 
with a Beckman Dynograph on heat sensitive paper. Peripheral 
vascular resistance and conductance were calculated from mean 


arterial pressure and limb blood flow as described in Section I. 
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RESULTS 


The stimuli of intravenous noradrenaline (2ug) injection 
and carotid occlusion were applied before, after and curing 
increasing levels of theophylline (10, 20, 40, 100u9/Kg/minute) , The response 
to I.V. noradrenaline (2ug) is shown in Figure 16 (far ee 
Mean blood pressure was increased, heart rate was decreased and 
conductance was increased and its reciprocal resistance was 
decreased. When pressure, flow and heart rate had returned to 
control level, the left carotid artery was occluded for sixty 
seconds. Figure 17 (far left) shows the average response obtained 
to left carotid occlusion. Mean blood pressure was markedly 
increased, heart rate was increased and a peripheral vasoconstriction 
resulted, indicated by the fall in conductance and increase in 
resistance. Left carotid occlusion was followed by noradrenaline 
(2ug) which was in turn followed by left carotid occlusion (LCO) 
again. Each run consisted of two injections and two periods of 
occlusion. These were repeated during infusions of theophylline 
10, 20, 40, 100ug/Kg/minute and after theophylline was discontinued. 
Figures 16 and 17 show the responses to noradrenaline and left 
carotid occlusion during theophylline and after theophylline was 
discontinued (average of 10 experimental trials, [two each in five 
dogs] except for heart rate which is based on eight trials [two 
each in four dogs]). Noradrenaline (2ug) alone (Figure 16) 
produced an increase in mean blood pressure (% ch = 6, p<0.001). 

The average of two minutes of control was compared to the response 
of one minute after injection. Heart rate was consistently decreased 


(% ch = 2%, p<0.01) by noradrenaline whereas resistance and 
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Figure 16: 


The average response to intravenous noradrenaline (2ug ) 
of mean arterial pressure, heart rate, and peripheral 
resistance and conductance (n = 5 except for heart 
rate for which n = 4), before and during theophylline 
10, 20, 40, 100ug/Kg/minute and after theophylline 


was discontinued. 
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Figure 17: 
The average responses during left carotid occlusion of 
mean arterial pressure, heart rate, and peripheral 
resistance and conductance before and during treatment 
with theophylline 10, 20, 40, 100ug/Kg/minute. The 


left carotid artery was occluded for 60 seconds. 


Left carotid occlusion LCO 


Control (ascorbic acid saline infused) A 


Theophylline 10 g/Kg/minute B 
Theophylline 20 g/Kg/minute C 
Theophylline 40 g/Kg/minute D 
Theophylline 100 g/Kg/minute E 


Theophylline discontinued (saline infused)  F 


Mean blood pressure (mm/Hg) o 
Heart rate (beats/minute) #2 
Vascular conductance a) 


Vascular resistance @ 
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conductance were essentially unchanged. During theophylline 
(10ug/Kg/minute) the pressure response (% ch = 6%) was not different 
from the control. The heart rate response did not differ significantly 
from the control response. (% ch = 2.8+1, p<0.10). While a 
significant increase in conductance (% ch = 12.5%, p<0.01) and a 
decrease in resistance (% ch = 5, p<0.05 occurred, these values were 
not significantly different from the control (p<0.05). Noradrenaline 
(2ug) injected during theophylline 20ug/Kg/minute increased mean 
blood pressure (% ch = 6%), did not change heart rate, produced an 
increase in resistance (% ch = 7%) and a decrease in conductance. 
Comparing these responses to those of the control, no significant 
differences were observed. Noradrenaline (2ug) during theophylline 
(40ug/Kg/minute) produced approximately the same change in pressure 
(% ch = 5%) as the control, similarly heart rate and conductance 
did not significantly differ from the control. Noradrenaline given 
during theophylline 100ug/Kg/minute produced a change in heart rate 
(% ch = 5%) which was significantly different from the control (p<0.05). 
Mean arterial pressure and peripheral blood flow were not significantly 
altered from the control after theophylline was discontinued, the response 
of noradrenaline remained as previously. Mean blood pressure was 
increased (% ch = 6%, same as control) whereas peripheral flow did 
not change. Heart rate was unchanged, and this response was 
different from the control value (% ch = 2.3+0.8, p<0.06). 

In Figure 17A the left carotid artery was occluded for 
60 second during an infusion of ascorbic acid saline. Left carotid 


occlusion produced a rise in mean blood pressue (% ch = 11%, 
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p<0.001). Heart rate was unchanged while resistance increased 

and conductance decreased, but the changes were not significant. 
During theophylline 10ug/Kg/minute (Figure ‘17B) mean blood 

pressure was increased, heart rate increased while conductance was 
decreased by left carotid occlusion. When theophylline was increased 
to 20ug/Kg/minute (Figure 17C) mean blood pressure was increased 

by left carotid occlusion (% ch = 16%). This was significantly 
different from the control (% ch = 6, p<0.01). Heart rate increased 
slightly (% ch = 3.4), conductance decreased and resistance increased, 
but these parameters did not vary from control values. Figure 17D 
shows the response to left carotid occlusion during theophylline 
40ug/Kg/minute. Mean blood pressure was increased (% ch = 13), 
heart rate increased (% ch = 4.6), while conductance decreased 

(% ch = -7), and resistance increased (% ch = 10). None of these 
responses differed significantly from the control responses. In 
Figure 17E, mean blood pressure increased (% ch = 14.5) during 
theophylline 100ug/Kg/minute, heart rate increased (% ch = 31%), 
resistance increased % ch = 8% and conductance was decreased 

(% ch = ~-9). No significant differences were observed between 
these and control response. Similar responses were observed after 
theophylline was discontinued, as before when the responses were 
compared to the control no changes were observed. 

Summarizing the responses to noradrenaline and left 
carotid occlusion during theophylline compared to control responses, 
theophylline (20ug/Kg/minute) potentiated the pressure response to 
left carotid occlusion (absol. diff = 5.841.7, p<0.01) but this 


effect was not observed again for other doses of theophylline. 
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The pressure response to noradrenaline was not potentiated in any 
situation. Theophylline (100ug/Kg/minute) prevented the decrease 

in heart rate in response to noradrenaline (absol. diff = 2.6+1.1, 
p<0.05) and this effect persisted after theophylline was discontinued 
(absol. diff = 2.3+40.8, p<0.05). In all cases the response to 

heart rate was quite small (max. change five beats/minute) while 
resting heart rate averaged between 150-200 beats/minute. Therefore, 
the maximum percentage change observed would be of the order of 

five percent. This means that the changes that were produced, 
although small, were very consistent. Theophylline had no effect 

on the increase in heart rate produced during left carotid occlusion. 

Theophylline did not potentiate the response to intravenous 
noradrenaline in the peripheral circulation although in the 
several instances at the high doses of theophylline the increase in 
conductance observed in the contro] response was converted to a 
decrease in conductance after theophylline, The effects of left 
carotid occlusion on peripheral blood flow were not potentiated by 
theophylline. Left carotid occlusion consistently produced an 
increase in resistance with a decrease in conductance. 

The effect of theophylline directly on vascular conductance 
is shown in Figure 18. The percentage change from a control level 
(average of 10 trials) prior to noradrenaline is shown before theoph- 
ylline (A) during theophylline (B, C, D, E) after theophylline was 
discontinued (F). Theophylline (10ug/Kg/minute) decreased conductance, 
but the effect is not significant. Theophylline 20ug/Kg produced 
little change in conductance (% ch = 2) from control levels. Theoph- 


ylline 40ug/Kg/minute increased vascular conductance significantly 
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Figure 18: 


The effect of theophylline on hind limb blood flow 


expressed as a percentage change from control levels 


of vascular conductance. 


A. 
B. 


Before theophylline (ascorbic acid saline infused). 
Theophylline 10ug/Kg/minute. 
Theophylline 20ug/Kg/minute. 
Theophylline 40ug/Kg/minute. 
Theophylline 100ug/Kg/minute 
Theophylline discontinued (ascorbic acid saline 


infused). 
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(% ch = 28, p<0.001). This effect was observed for theophylline 
(100ug/Kg/minute) also, (% ch = 28, p<0.001). The effect of theoph- 
ylline on conductance persisted after theophylline was discontinued 


(Oe chaaari men O01) 


= | mie 1 a 







ont finders +o? bayreedte egw Save oa 006 
~gean. Je ta979 DARE CE0 v9, eh © Ae) angele, | 


bavGidaoperl .2aw ony [ Pynqgans wil Te) >t ontoan aA 
«+ f16.Q2q =k ad rr yn 


DISCUSSION 


If a relationship does exist between the beta receptor 
and adenyl cyclase, then theophylline (a potent inhibitor of 
phosphodiesterase) would potentiate the peripheral beta affect of 
isoproterenol by retarding the breakdown of cyclic AMP at the 
receptor site. Murad (1967)&* obtained evidence that isoproterenol, 
adrenaline and noradrenaline produced a concentration dependent 
increase in the activity of adeny] cyclase. Bartelstone72 
Suggested that theophylline will only produce significant effects 

tn vivo in tne presence of an agent which activates adenyl 

cyclase and this would suggest that an agent which did not activate 
adenyl cyclase would not be affected by theophylline. Since in 

the present experiments no potentiation by theophylline of the fall 
in perfusion pressure produced by intra-arterial isoproterenol was 
observed, it seems unlikely that the proposed relationship between 
the beta receptor and cyclic AMP is supported in the peripheral 
circulation. In fact it was demonstrated that an intra-arterial 
injection of theophylline produced a fall in perfusion pressure of 
the same magnitude as an equipotent injection of isoproterenol. 

A combination of the two given to one perfused limb produced appyox- 
imately the same fall in perfusion pressure as twice the dose of 
isoproterenol (Figure 15). It seems unlikely that any potentiation 
was produced since the effects of the two drugs was purely additive. 
This evidence does not detract from other evidence relating cyclic 
AMP to other metabolic responses to catecholamines, such as hepatic 
and muscle glycogenolysis, lipolysis in adipose tissue, inotropic 


cardiac effects or intestinal and uterine motility supposedly 
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mediated by beta-adrenergic receptors. Recent work by Lucchesi 

and Hodgeman (1971)! suggested a structural difference between 
beta adrenergic receptors in the myocardium and coronary bed, and 
those in the peripheral circulation. This could imply that the 
peripheral beta receptor is not related to adenyl cyclase and 
that no potentiation of isoproterenol by theophylline would be 
expected. Furthermore, recent work by Shanfeld et al (1969)74 

has shown that the increase in phosphorylase A activity induced by 
noradrenaline could be blocked or markedly inhibited by IMA 
(N-isopropylmethoxamine) without significantly depressing the 
inotropic response. Furthermore IMA prevented the rise in cyclic 
AMP after noradrenaline injection without significantly impairing 
the increase in cardiac contractility. Thus the hypothesis that cyclic 
AMP mediates the inotropic response to catecholamines was not 
supported. In the present experiments theopnylline had the reverse 
effect of what was expected. In Figure 14, increasing doses of 
theophylline decreased the fall in perfusion pressure in response to 
a standard dose (10°*ug) of isoproterenol. More experiments would 
have to be conducted, but this paradoxical observation may be 
related to the finding that methyxanthines as in other tissues 

may have more than one effect on smooth muscle. 

Bartelstone (1967)72 found that cyclic AMP potentiated the 
contraction of rat aortic strip to noradrenaline. He also observed 
that in certain situations theophylline increased the contractions 
of smooth muscle in response to catecholamines. Smith and Ireson 
(1970)73 proposed a relationship between the sympathetic alpha 


receptor and cyclic AMP to explain the inhibitory effects of 
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isoproterenol and noradrenaline on electriclly induced contractions 
of ileum. In the second group of the present experiments intravenous 
noradrenaline and left carotid occlusion were stimuli applied to 
further investigate this proposed relationship between the 
adrenergic alpha receptor and the adenyl cyclase system. Both 
noradrenaline (2ug) and left carotid occlusion produced minimal 
responses on the heart rate, blood pressure and hind limb blood 

flow. Thus if theophylline potentiated any of these parameters, 

the response could be readily observed. The results tended to vary, 
that is, theophylline potentiated the response to noradrenaline, or 
left carotid occlusion at one dose and not at another. For example, 
theophylline (20ug/Kg/minute) enhanced the pressure response to 

left carotid occlusion but the effect was not reproducible at higher 
doses, of theophylline. Similarly theophylline (100ug/Kg/minute) 
enhanced the heart rate response to intravenous noradrenaline but 
only at this dose level. Theophylline did not potentiate the 
response to noradrenaline or left carotid occlusion in the peripherial 
circulation. It seem unlikely that theophylline produced any peripheral 
effects which could be interpreted as potentiating either alpha 
adrenergic (characteristically a vasoconstriction) or beta effects 
(vasodilatation). The fact that theophylline did potentiate the 
pressure response to left carotid occlusion, and the heart rate 
response to noradrenaline (both central effects) may lend support 

to evidence that a relationship exists between the myocardial beta 
receptor and the adenyl cyclase system. Theophylline produced a 


marked dilatation in the peripheral circulation at high deses as 
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shown in Figure 18. This was preceeded by an initial vasoconstriction 
and has been ascribed to stimulation of the medullary vasomotor 
center. 75 At therapeutic doses the peripheral vasodilator action 
predominates. This effect appeared to be the result of a direct 
action on vascular smooth muscle tone and did not seem to be related 
to adrenergically mediated responses to catecholamines. It is 
interesting to observe that infusions of small dosages of theoph- 
ylline appeared to potentiate the effects of intravenous noradrenaline 
(a dilatation) in the peripheral circulation but this effect was 
obscured by the vasodilatory effect of higher doses of theophylline 
and the response converted to a constriction. Theophylline did not 
have significant effects on the constrictor response to noradrenaline. 
This is contrasted to the peripheral affects of theophylline on 

left carotid occlusion. In this case higher doses of theophylline 
appeared to increase the reflex vasoconstriction produced by left 
carotid occlusion. However, this was not a significant effect. 
Theophylline seems to have a somewhat variable effect on the 
peripheral circulation. Generally, theophylline was not of value in 
unmasking, or potentiating small beta stimulation in the peripheral 
circulation, nor did any enhancement of the alpha adrenergically 
mediated vasoconstrictor response to noradrenaline or carotid 
occlusion occur during theophylline infusion. These effects may be 
more clearly defined on isolated vessel preparations. The results of 
these experiments suggest that theophylline does produce some 
enhancement of the central response to noradrenaline. This could 
provide support for the evidence that the myocardial beta receptor 


is related to the adenyl cyclase system. These responses may have 
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been more clearly defined had the experiments been repeated during 
beta adrenergic receptor blockade. 

If propranolol abolished the theophylline enhanced effect 
on heart rate and pressure of noradrenaline then it could be said 


with certainty that these were beta effects. 
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SECTION IV 
Response of the Isolated Muscle Vascular Bed of Hind Limb 


of Dog to Intra-Arterial Noradrenaline and Tyramine 






vi vouisaa Y 
dota Rik. ls, bea sypeest Saal Levotoult aie Sane 


nL uyte n Pe quit: Crete wupyetl ohn thea — 8. : ta — , 


1.7 ae hm 





85. 


INTRODUCTION 


It has been shown in Section I that intra-arterial 
tyramine which caused the release of noradrenaline from sympathetic 
nerve endings produced a vasoconstriction. After alpha receptor 
blockade with phentolamine, the response to tyramine was abolished, 
and in some.cases reversed, but this response was not significant. 
Section II, investigated the possibility that other alpha receptor 
blockers might produce a more effective blockade of alpha adrenergic 
receptors, and Section III described an attempt to potentiate the 
adrenergic beta response. The possibility had been discussed that 
the cutaneous response which was exclusively "alpha" had been 
masking the beta adrenergic response to tyramine (in the muscle 
vascular bed) after alpha adrenergic receptor blockade. Therefore, 
in these experiments major cutaneous branches to the skin were ligated 
and paw flow was occluded to isolate the limb muscle circulation. 

In the first experiments various doses of noradrenaline and tyramine 
were used, as well as two doses of phentolamine. For the present 
study the optimum doses were chosen from Section I. In order that 
the responses might be subjected to more worthwhile statistical 
evaluation the number of experiments was increased from five in 


SECE1ONMml tom 0. 




















a > _ 
aie — ‘ 


i] 


teiyeure-nisot tet t cetihowa: onan 1 
sttodsenmv2 mutt onthenerhaven TO acute ato bees Aotdws 7 
yos¢aney shuts Teer Lao) 19 Meag@REN Rea@RibON reatban evisH +7 
bedatlods enw -sntinenys of sennaesy oft \ oniithaf a¢rarta ittw ebadsofd — - 
Joao inel2 Gn 28w s2doqeey Stm dud*  Depeevey 20260. ene Ar bas 


votadae’ siqgte vaddo sedd yr itegeg alt bodeptizavnt 11 nottase 7 


2 
| = : 
Jipvengibs cigls to ebsAsold SvROST%S SIGH B BaMbGIG 3dpte eyesore 
; - 
oid steitestoq of jowedde we badisgesb GDD wethas2 bhs,.27eRqaoet 
7 = _ 
tol? Yez2uceth need bor val idteteg st Samigee sie SIQTSRaTER ey 


odd bed “edule” vfevteulows oe APA SEnenzet avesnaeduo—-ene 
sfozum wr vb) optveryt of s2negiey sbgagnerbs sjod sd poisdeam : 
ovateri"l) .sbelsold tosqeeey stevens adgta aaits (hed vefusesy 
batons | stew atde edd-a3-2sfodstd aheenhipe AOR afoomivages send nt a 
nahsefugis Bohai aia ant ovt og Sebelnao cow wor? wag bap” 
sities brs oifleneeeson to 2a¢eb 2yerainy ernemhtsqne ext? off al 7 
tiagsiq edt vod .ontiwnalotialt? to eieob ae ae Thom, 26 <bezl aoa 
yeds “shyo al .1 nottes2 mox* psecdo evew gaged qumitas ony ybute 7 
Fsorserssia af Miwon oom oF bop rein sé. siotn asenogest od - 
nt ovr? mov? baasayoint enw = nica TD enn et Gut eve = 
: oe iy 
ar a 


: " 
7 - 





86. 


METHODS 


Experiments were conducted on 10 mongrel dogs (average 
weight 17.7kgm). Figure 1 shows the experimental apparatus and the 
procedure is also described in Section I. As before, all drugs 
were made up in ascorbic acid saline (0.9% NaCl, and 0.03% ascorbic 
acid) which was infused continously from the beginning of the 
experiment during control runs, and served as a vehicle for drug 


administration during the experimental runs. 
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RESULTS 


Figure 19 shows the results of a typical experiment. 
Noradrenaline 0.3yg/Kg/minute was infused intra-arterially for 
five minutes. The results are expressed as changes in conductance 
which were calculated from mean arterial pressure and hind limb 
flow. Noradrenaline produced a decrease in vascular conductance. 
This was followed,after flow stabilized, by an infusion of tyramine 
(10ug/Kg/minute) which was continued for 15 minutes. Tyramine 
produced a similar effect on vascular conductance as noradrenaline. 
Following tyramine an intra-arterial infusion of phentolamine 
32ug/Kg/minute was given for 20 minutes before and during repetition 
of the noradrenaline and tyramine infusions. Where noradrenaline 
was repeated during phentolamine (middle Figure 19), an increase 
in vascular conductance was observed. Tne response had been 
converted from a vasoconstriction to a vasodilatation after alpha 
adrenergic receptor blockade. Tyramine (10ug/Kg/minute) infused 
during phentolamine (32ug/Kg/minute) also produced a dilatation 
although the response was not as great as "noradrenaline reversal". . 
This was followed by a 20 minute infusion of phentolamine 32,ug/ 
Kg/minute and propranolol (5ug/Kg/minute). Propranolol essentially 
abolished the vasodilatation response to noradrenaline and tyramine 
observed after alpha receptor blockade indicating the vasodilatation 
was mediated via beta adrenergic receptors. 

Figure 20 shows the percentage change in peripheral 
vascular resistance and conductance for noradrenaline (n=10) at 


five minutes before alpha receptor blockade with phentolamine (1), 
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Figure 19: 


The results of a typical experiment. Top row: 
intra-arterial noradrenaline (0.3ug/Kg/minute) and 
tyramine (10ug/Kg/minute); middle row: noradrenaline 
and tyramine were repeated during phentolamine (32ug/ 
Kg/minute); bottom row: noradrenaline and tyramine 
were repeated during phentolamine (32ug/Kg/minute) 


and propranolol (5yg/Kg/minute). 


Noradrenaline 0.3yg/Kg/minute - NA 0.3yg 
Tyramine 10ug/Kg/minute - TYR 10ug 
Phentolamine 32ug/Kg/minute - PHEN 32yg 


Propranolol 5yg/Kg/minute - PROP Sug 
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Figure 20: 


The average results (n=10) expressed as a percentage 
change in resistance (closed circles) and conductance 
(open circles) for noradrenaline (0.3ug/Kg/minute) 
after five minutes before phentolamine (1), during 
phentolamine (32uq/Kg/minute) and during phentolamine 
(32ug/Kg/minute) and propranol (5ug/Kg/minute). Similar 
results are shown for tyramine (10ug/Kg/minute) before 
phentolamine at five minutes (4) and at the end of a 
15 minute infusion (5); during phentolamine at five 
(6) and 15 minutes (7); and during phentolamine and 
propranol at five minutes (8) and 15 minutes (9). 


(same doses of phentolamine and propranolol). 


I - Standard error of the mean 
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during alpha receptor blockade (2) and after both alpha receptor 
blockade and beta receptor blockade (3). Similar values are shown 

for tyramine before alpha receptor blockade at five minutes (4) 

and at the end of a 15 minutes infusion (5). Points (6) and (7) 
represent the percentage changes in resistance and conductance 

during alpha adrenergic receptor blockade at five minutes and 15 minutes 
respectively. The percentage changes for resistance (top) and 
conductance (bottom) during alpha and beta adrenergic receptor blockade 
at five minutes and 15 minutes are represented by (8) and (9) 
respectively. 

Before aipha adrenergic receptor blockade intra-arterial 
noradrenaline (1) produced an increase in peripheral vascular 
resistance (% ch = 180+50, p<0.01). After alpha receptor blockade 
noradrenaline (2) produced a fall in resistance (% ch = -2543, 
p<0.001). This vasodilator response (2) was converted back to a 
vasoconstriction (3) after beta receptor blockade with propranolol 
(% ch in resistance = 5+1, p<0.05). 

Intra-arterial tyramine (4) caused an increase in resistance 
at five minutes (% ch = 131442, p<0.02). When the infusion was 
concluded after 15 minutes (5) resistance had decreased (% ch = 
75424, p<0.02). There was a significant difference (p<0.05) 
between the response at 15 minutes compared to the five minute 
point of the infusion indicating the tyramine response was tending to 
fall off towards the end of the infusion. During phentolamine 
32ug/Kg/minute, tyramine 10yug/Kg/minute produced a decrease in 


resistance (6) (% ch = -9+5 (p<0.20)) after five minutes. At the 
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end of 15 minutes the resistance (7) had decreased further (% ch = 
-2146, p<0.01). There was a significant difference between the 
response at five and 15 minutes. (p<0.05). During alpha receptor 
blockade the vasodilatation response increased over a period of 
15 minutes whereas before phentolamine the constrictor response 
fell off towards the end of a 15 minute infusion. 

After beta receptor blockade the response was converted 
back to a vasoconstriction. After five minutes the percentage change 
in resistance was 4.842%, and after 15 minutes the percentage change 
in resistance = 942% (p<0.01). The difference in responses at five 


and 15 minutes was not significant. 
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DISCUSSION 


This study confirms the results of Frewin and Whelan29 
(1967) in which it was observed that prolonged (15-minute) infusions 
of tyramine produced a vasodilatation after alpha adrenergic 
receptor blockade. This response was converted to a vasoconstrictor 
response if propranolol was infused after the vasodilator response 
had been recorded. However, Frewin et al*° observed that the 
vascular responses to tyramine were delayed in onset since tyramine 
must act by releasing noradrenaline from sympathetic nerve endings. 
In the present experiments, it was observed that the constrictor 
response to tyramine developed as rapidly as the response to intra- 
arterial noradrenaline, and then tended to fall off towards the end 
of 15 minutes. This response 18 reversed after alpha adrenergic 
receptor blockade, that is, the vasodilator response to tyramine 
increased from five to 15 minutes. At first, it was thought that 
this might be due to a depletion of noradrenaline stores in nerve 
endings. However, the vasodilator response to tyramine after alpha 
receptor blockade was not significant at five minutes, but reached 
a significant level by the end of 15 minutes. Therefore it may be 
possible that the vasoconstrictor response before phentolamine 
decreased from five to 15 minutes as a result of increased beta 
receptor stimulation. This hypothesis is further strengthened since 
the vasodilator response was converted to a vasoconstriction after 
beta adrenergic blockade with propranolol. Brick et al1! (1967) 
had shown previously that the constrictor response to noradrenaline 


in the human forearm was a summation of alpha and beta adrenergic 
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responses. 

Glick et al/2 suggested neuronally released noradrenaline 
did not exert a significant beta effect in the perfused limb 
vascular bed. However, if tyramine causes the release of noradrenaline 
from sympathetic nerves, and it has been shown in this study that a 
Significant beta effect is produced after phentolamine, then it must 
be concluded that endogenous noradrenaline is capable of exerting a 
significant effect on vascular beta receptors. 

It must be noted that Glick et al! attempted to stimulate 
beta receptors reflexly by means of bilateral carotid occlusion, 
and that this stimulus may not have caused the release of sufficient 
transmitter to produce significant vascular effects. Glick et al 
occluded the carotid arteries for 45 to 60 seconds while in the 
present study the vasodilatation response to tyramine had only 
reached significance by the end of 15 minutes. The period of 
time that Glick et al stimulated would not be sufficient to observe 
the dilator response which was observed in the present study. Since 
this response was abolished with propranolol it was in all probability 
a beta adrenergic mediated response. Therefore, if it was possible 
for endogenous noradrenaline released by tyramine to produce 
significant stimulation of beta receptors in the peripheral circulation, 
it is also probable that noradrenaline released by reflex stimulation 
of the sympathetic nerves, if the stimulus is sufficient, should cause 


vasodilatation after alpha receptor blockade. 
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SECTION V 


The Response of the Isolated Muscle Vascular Bed 
of Dog Hind Limb to Reflex Stimulation of the 


Sympathette Nerves 
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INTRODUCTION 


It has been shown in the previous section (IV) that 
tyramine released noradrenaline from sympathetic nerve stores in 
sufficient quantity to produce significant beta adrenergic receptor 
stimulation after alpha adrenergic blockade with phentolamine. The 
response developed only after prolonged (15 minute) infusions of 
tyramine and was abolished with propranolol. These results indicated 
that endogenous noradrenaline did exert significant beta adrenergic 
effects after alpha receptor blockade. The following study is an 
attempt to produce a similar beta adrenergic response by reflex 
stimulation of the sympathetic nerves (by means of bilateral carotid 


occlusion) during alpha adrenergic receptor blockade with phentolamine. 
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METHODS 


Ten mongrel dogs (weight range 15-27kgms) were anaesthetized 
with pentobarbitol sodium (nembutal®) 30mgm/Kgm. The animal was 
intubated and respired artifically if required. Figure I depicts 
the experimental set up. The procedure is also described in 
Section I with the exception that the carotid arteries and vagus 
nerves were exposed through a midline incision in the neck. 
Ligatures that could be temporarily tightened and then released were 
placed around the arteries while the vagus nerves were divided 
between ligatures. 

Flow was recorded from the left external iliac artery. 

At the conclusion of the experiment, a cannula was inserted into 
the femoral artery and pushed upwards to lie just distal to the 
flow transducer where the cannula was secured in place. The 
flowmeter was calibrated as described earlier in Section I. From 
the pressure and flow recordings obtained vascular resistance and 
conductance were calculated at 30 second intervals throughout 


the experiment. 
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RESULTS 


Ascorbic acid saline (0.9% NaCl and 0.03% ascorbic acid) 
was infused for approximately 30 minutes prior to control runs to 
allow the hind limb flow to reach a steady state. Intra-arterial 
tyramine 10ug/Kg/minute was infused for 15 minutes. Figure 21 
shows the results expressed as changes in vascular conductance of 
a typical experiment. Tyramine (top row left) caused a decrease in 
vascular conductance. The response tended to fall of towards the 
end of the infusion. After tyramine was discontinued, ascorbic 
acid saline was infused and the carotid arteries were occluded 
for 15 minutes. Vascular conductance decreased (Figure 21 top row 
right) and the response was sustained for the duration of the 
stimulus. Phentolamine 32ug/Kg/minute was infused for 20 minutes 
prior to repeating tyramine and bilateral carotid occlusion during 
phentolamine infusions. Tyramine caused an increase in conductance 


which reached a maximum by 15 minutes, and bilateral carotid 


occlusion after an initial biplasic response caused an 


increase in vascular peripheral conductance in this expertment, When 


tyramine and B.C.0. were repeated during phentolamine (32ug/Kg/minute) 
and propranolol (5ug/Kg/minute) which had been infused for 20 minutes 
previously, tyramine caused essentially no change in vascular conductance, 
(Figure 21, bottom left) whereas B.C.0. converted to a vasoconstriction 
(bottom right). 

The average percentage changes in vascular resistance and 
conductance at five and 15 minutes for tyramine (Figure 22, left) 


and bilateral carotid occlusion (right) before, during alpha receptor 
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Figure 21: 


Shows the vascular conductance response in one experiment 
to intra-arterial tyramine and bilateral carotid occlusion 
(BCO) before phentolamine (top panel), during phentolamine 
(middle panel) and during phentolamine and propranolol 


(bottom panel). 
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blockade, and after alpha and beta adrenergic receptor blockade are 
shown in Figure 22. Tyramine (1Q:g/Kg/minute) produced a marked 
vasoconstriction at five minutes. (1) (% Ch in resistance 116+19, 
p<0.001). This effect on resistance was sustained at 15 minutes (2) 
(% Ch = 125227, p<0.01). When tyramine 10ug/Kg/minute was infused 
during phentolamine 32ug/Kg/minute (3 and 4 left, Figure 22) 
vascular resistance was decreased (% Ch =-5:4, p<0.30) at five 
minutes, (but not significantly reversed). However, after 15 minutes 
the response to tyramine was "reversed" (% Ch = -114+5, p<0.05). 
After beta adrenergic receptor blockade with propranolol 5yg/Kg/minute 
in addition to alpha receptor blockade, the vasodilatation observed 
during alpha blockade alone was converted to a_ vasoconstriction. 
At five minutes the change in resistance was small (FeChi=se-45p-0.10) 
but at 15 mintites (% Ch = 1023, p<0.01). a significant vasoconstriction 
was observed. 

Referring to Figure 22 (right), bilateral carotid occlusion 
produced an increase in vascular resistance at five minutes (1) 
(% Ch = 32411, p<0.02) but the response tapered off after 15 minutes 
(21) (% Ch in resistance = 24414, p<0.20). When the carotid arteries 
were occluded during phentolamine 32ug/Kg/minute, the vasoconstrictor 
response was reduced, but not reversed as with tyramine. The percentage 
changes in resistance at five minutes (3) was 5+8 and at 15 minutes 
(4) 546. After beta and alpha receptor blockade, vascular resistance 
was increased at five minutes (5) (% Ch - 2446, p<0.01) and fifteen 
minutes (6) (% Ch = 24+7, p<0.01) during bilateral carotid occlusion. 


Although a significant reversal of the response to prolonged carotid 
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Figure 22: 


Shows the average results (n=10) for tyramine (left) 


and bilateral carotid occlusion (right) expressed as 


a percentage change in vascular resistance (o) and 


conductance (o) from control levels. 


Points were 


plotted at the five and 15 minutes points of each run. 


TYRAMINE left 
1. TYR 10ug/Kg/minute (five minutes) 
2. TYR 10ug/Kg/minute (15 minutes) 


3. TYR 10ug/Kg/minute + Phentolamine 
32ug/Kg/minute (five minutes) 


4. TYR 10ug/Kg/minute + Phentolamine 
) 32ug/Kg/minute (15 minutes) 


5. TYR + Phen + Propranolol (5yg/Kg/minute) 
(five minutes) 


6. TYR + Phen + Propranolol (5ug/Kg/minute) 
(15 minutes) 


I - Standard Error of Mean 


BCO right 
BCO (five minutes) 
BCO (15 minutes) 


BCO + Phentolamine 
(five minutes) 


BCO + Phentolamine 
(15 minutes) 


BCO + Phen + Propranolo 
(five minutes) 


BCO + Phen + Propranolo 
(15 minutes) 
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occlusion could not be demonstrated as with tyramine, in comparing 

the percentages changes in conductance (the inverse of resistance) 

at five minutes during phentolamine 32ug/Kg/minute and after 
propranola] 5ug/Kg/minute (points 3 and 5 in Figure 22 right), 

a significant difference was observed (% Ch = -27+7, p<0.01). 

A similar comparison was made at 15 minutes (4 and 6 in Figure 22 right) 
and a similar decrease in conductance was noted (% Ch = - 30+6, p<0.001). 
Thus these results suggest that propranolol potentiated the residual 
vasoconstriction produced during bilateral carotid occlusion 

after alpha adrenergic receptor blockade, thus suggesting a beta 
adrenergic receptor component to the response to bilateral carotid 


occlusion. 
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DISCUSSION 


Reflex stimulation of the sympathetic nerves (bilateral 
carotid occlusion) after alpha adrenergic receptor blockade resulted 
in a reduction in the constrictor response to bilateral carotid 
occlusion, but a reversal of a vasoconstriction did not occur 
unlike the response to intra-arterial tyramine. Propranolol 
(a beta receptor blocking agent) infused with phentolamine converted 
the vasodilatation after tyramine back to a vasoconstriction. After 
propranolol, bilateral carotid occlusion produced a significant 
vasoconstriction. Thus propranolol has the effect of potentiating 
the residual vasoconstrictor response to carotid occlusion after 
alpha receptor blockade. This suggests that the reduction in 
resistance after phentolamine was due partly to a reduction in 
constrictor tone, partly to stimulation of peripheral beta receptors. 
These results support the hypothesis that neuronally released nor- 
adrenaline does act on peripheral beta receptors. This is further 
supported by the observation that in situations involving prolonged 
stimulation of vascular receptors prior to blockade, the vasoconstrictor 
response to bilateral carotid occlusion or tyramine began to fall off 
by the end of a 15 minute period. Furthermore it is suggested that 

the constrictor response to carotid occlusion decreased with time 

as a result of increased activation of yascular beta receptors. That 
is to say that only at the end of a prolonged period was there enough 
transmittor accumulated at the receptor site to manifest an observable 


beta response. Comparison of the graphs in Figure 22 finds them 
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objaedtvely similar, differing only in the magnitude of the responses 
obtained which further suggests a difference in the relative amount 

of transmittor released with tyramine as compared to bilateral 

carotid occlusion. Intra-arterial tyramine was relatively effective 
in producing a response limited to the vessels of the hind limb 
concerned, however occlusion of the carotid arteries had more non- 
specific effects including an increase in the rate and strength of 
contraction of the heart, and perhaps the release of catecholamines 
from the adrenal medulla. The results obtained in the present 
experiments do not rule out the possibility that the response obtained 
during bilateral carotid occlusion were due in part to blood borne 
catecholamines released from the adrenal medualla. Grant et al7® 

and Unvis72, in a quantitative study of catecholamine release from the 
adrenal medualla on sympathetic vasodilator activation reported 

that such activation always led to the discharge of adrenaline. 
However, they suggested that the amount discharged was too low to 
produce any vascular reaction in normally innervated vessels. In 
addition, Levin and Beck (1967)®® compared the blocking effects of 
phenoxybenzamine on neurogenically versus injected noradrenaline and 
suggested that if a mixed alpha-beta adrenergic amine such as 
adrenaline were released during stimulation of sympathetic nerves 
supplying extremities the alpha adrenergic blocking drug would produce 
a greater reduction than the noradrenaline induced response. In 

the present study phentolamine reversed the vasoconstrictor response 
to tyramine but only reduced the response to bilateral carotid 


occlusion. If adrenaline had been involved in this response, then 





ttf. 

esevomaay oft to Shetiroen sit of. yi nth cna ee 
intone syiteion aad at sil bobiie cat atemgRee: iene cota bant tga 
(winsal ts oo MeysqnOD) ee “antes, dil bianatey vosstmane” to 
doatts. vioviseler sew. Satie ree , nateutoo0 biter 
amt ('bntd sie Fo. etpezen atl} dha all senooe & entauvong 

mofr-svon bed 2styaisa 64 TONED oft ‘Te noteufaso “svowon . weesnis 

vo atpnoyia bre step eda’ sesewaeh me Qerieny 2799778 si tooge 7 


: a 
Lodtnefodsatss tocagas for edd jee ieag bee read aft Yo no} Foetdaas : 


wes 


yooh GAS HP beateddo 24 taney at sf fabom fenaebs ual ee 


banteddd satogesy oft hd git Tie Peeog ae jue ofuy fon “ob ronan ait . 
7 


‘ed boofd of Sxée at cub S4aw apReniood bigeges, fevesat ha: ‘entire 2 
p fo Jess2 valfagben Tessie ane ae beanols 2énimetorsants 4 
A> seenls): STS odosieo 6 Vee er ae 6. «8 enynd bas , 


baivoosy sahigviths top LIpoery 3} Nad? commye he. 6/ Feyeem: Tense aan 
ones To eynetaa th uth oF tet eysut gq hts Fai ome. tant ~ so 


ae 
502 esw bSornencotb wiietia ane 2an2 ‘badedepus Tans : event om 
. as rr _— - 


al .ziseze batavigant vi Pager a patdosny saptwoasy yos soubor 


ce / 
*o 2528726 paiNaold Sis baysqmos se( Tae} J ol brs nivel wnots bbs ; oa 
a Shy ihe 
ons snrlansiosvon, bapsatiah eueysy \ feotmaperuen no aninesnadyxonedg 


24 a. 2 —_ 


26 dove sefiic ateronsthe stod-aighs benim 6 a} sede sppue 
aa siete: 10 not Se uA te wwe 


oc : a al siete at nme = - 
, aa ee. 
Hirer bigs 






a 0 


104. 


according to Levin et al®® the reduction in constrictor activity 
during phentolamine should have been at least equal to the reduced 
vasoconstrictor activity observed with tyramine during phentolamine. 

To completely eliminate adrenaline secretion as a 
possibility, these experiments could have been conducted after 
bilateral adrenalectomy or by imposing a delay circuit as was done 
by Glick et al!2. However, because of the long period of stimulation 
(15 minutes) employed, the large reservoir of blood required made this 
technique impractical. 

Glick et al!2 concluded that injected and neuronally 
released noradrenaline did not act on identical receptor populations. 
The results of the present study do suggest however, that neuronally 
released and intra-arterial noradrenaline do act on similar receptor 
populations. The difference in magnitude of the response isa 
function of the quantity of neurotransmittor reaching the receptor 


sites and appears to be time-dependent. 
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CONCLUSIONS 


Noradrenaline has been accepted as the neurotransmitter 
in the sympathetic nervous system2>*>°5, Stimulation of sympathetic 
nerves innervating blood vessels results in a vasoconstriction®. 
This vasoconstriction is supposedly mediated through adrenergic 
alpha receptors. Stimulation of beta adrenergic receptors}1>12 
produces vasodilatation. Several authors have suggested that 
neurotransmitter released from sympathetic nerve terminals does 
not act on vascular beta adrenergic receptors, although beta 
adrenergic receptors were accessible to blood borne noradrenaline!2,?3, 

The investigations described herein were designed to 
study the effects of neuronally released noradrenaline on beta 
adrenergic receptors.[n Section L,using the whole hind limb vascular 
bed of dogs, noradrenaline and tyramine were infused intra-arteriaily 
during alpha adrenergic receptor blockade. Although tyramine ,which 
causes the release of noradrenaline from sympathetic nerve terminals, 
reduced the vasoconstrictor response after alpha receptor blockade, 
the response was not conyerted to a vasodilatation as was the case 
with noradrenaline during alpha receptor blockade. In Section ITI, 
two other alpha blocking drugs were used to assess the effectiveness 
of the alpha receptor blockade, but they were found to be no better 
than the first alpna receptor blocker (Phentolamine). Another series 
of experiments,in Section III, employed the use of theophylline to 
investigate a proposed relationship between the peripheral vascular 


beta adrenergic receptors and the adenyl cyclase-cyclic 3'5' 
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monophosphate system in an attempt to potentiate a smal] beta 
receptor component observed in the earlier experiments with tyramine. 
No potentiation of the responses to isoproterenol, noradrenaline 

or carotid occlusion could be demonstrated and the evidence which 
suggests a relationship between the peripheral vascular beta receptor 
and the adenyl cyclase system was not supported. 

The earlier experiments suggested the possibility that a 
vascular beta receptor response after alpha receptor blockade was 
being masked by an unblocked alpha receptor response localized in the 
skin and paw. Thus the experiments with noradrenaline and tyramine 
were repeated in Section IY with paw and skin flow occluded. It 
was found that with prolonged infusions (15 minutes), intra-arterial 
tyramine produced a significant vasodilatation in the isolated 
muscle vascular bed of the dog hind limb. This indicated that 
endogenous or neuronally released noradrenaline did exert a significant 
action on peripheral vascular beta receptors. 

In Section V, the response of the isolated muscle vascular 
bed of the dog hind limb to prolonged reflex stimulation (bilateral 
carotid occlusion) of the sympathetic nerves during alpha receptor 
blockade and during combined alpha and beta adrenergic receptor 
blockade was investigated. Bilateral carotid occlusion produced 
a vasoconstriction before alpha adrenergic receptor blockade. During 
alpha receptor blockade the vasoconstrictor response to carotid 
occlusion was reduced but not converted to a vasodilatation -- unlike 


the response to intra-arterial tyramine. During combined alpha and 
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beta adrenergic receptor blockade the response was converted back 

to a significant constriction. These results suggested that propranolol 
(the beta receptor blocker) potentiated the vasoconstrictor response 

to carotid occiusion during alpha receptor blockade. This suggests 
that neurotransmittor released by sympathetic nerve stimulation 

does act on peripheral vascular beta adrenergic receptors and that 
peripheral vascular beta receptors are innervated by the sympathetic 
nervous system. In addition the results suggest neuronally released 
and blood borne noradrenaline are acting on similar receptor populations 
and that a difference in the magnitude of response between neuronally 
released and blood borne noradrenaline depends on the amount of 
transmittor reaching the receptor sites and this is dependent on the 


period of stimulation of the sympathetic nerves. 
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